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ABSTRACT
Respiration, metabolic enzyme assays, and body composition parameters
were measured in the Antarctic krill Euphausia superba during the summer, fall
and winter on the Western Antarctic Peninsula (WAP). E. superba of all sizes
decrease their metabolism from the summer to the winter. These same
parameters were also measured along the WAP during the austral fall 2010. E.
superba’s enzyme activity indicated that there was a latitudinal gradient to the
decline in metabolism along the WAP with the more northerly sites having
significantly higher metabolic enzyme activities than the sites to the south.
Carbon (δ13C) and nitrogen (δ15N) stable isotopes were measured in E.
superba along the WAP to determine if there were any latitudinal trends. δ13C
showed a significant trend with latitude with more depleted δ13C values in the
southern portion of the WAP. Carbon (δ13C) and nitrogen (δ15N) stable isotopes
were also measured in two important prey fishes along the WAP, the silverfish
Pleuragramma antarcticum and the myctophid Electrona antarctica. P.
antarcticum had a more variable and more enriched δ13C value than E. antarctica
indicative of P. antarcticum’s more neritic habitat. There were no significant
differences between the δ15N values of the two fish, indicating that although they
feed in different areas they were feeding at the same trophic level.
Carbon (δ13C) and nitrogen (δ15N) stable isotopes were measured in
viii

twenty species in the marginal ice zone (MIZ) of the Weddell Sea at the
beginning of the austral summer. Samples were taken from under the ice, at the
ice edge and in the open ocean. A significant trend in the δ13C values of all
species was found with the under-ice δ13C values being more depleted than
those in the open ocean. This is most likely due to the reduced atmospheric
exchange of CO2, upwelled water with depleted δ13C values, and continuous
biological respiration under the ice, all of which contribute to very depleted δ13C
values. δ15N values were significantly lower in the open ocean than the other ice
conditions due to the increased reliance on primary production. The diapausing
copepods Calanoides acutus and Rhincalanus gigas showed similar patterns in
their isotopic signatures across the ice zones. Cluster analysis revealed trophic
shifts between the different ice zones. The ice edge zone proved to contain the
most species and was the best habitat for most species. The trophic shifts
observed within species in the differing ice conditions mimicked the seasonal
changes they undergo during the course of the productive season every year.

ix

CHAPTER ONE
Introduction
Due to its polar location, the Southern Ocean experiences a high degree
of seasonal variability, ranging from almost constant daylight, low ice cover and
high primary productivity to short day-lengths, increased ice cover and very low
chlorophyll biomass. Seasonal extremes in the Southern Ocean have led to a
variety of survival strategies in its inhabitants. Months of ice cover and reduced
photoperiod lead to near zero primary productivity during the fall and winter
(Vernet et al. 2012). The low winter phytoplankton biomass made it necessary
for herbivorous zooplankton and micronekton to evolve life histories that include
strategies for surviving the winter months. Common overwintering strategies
include reducing metabolic activity, relying on stored lipid for energy, and
switching to alternate food sources. (Atkinson 1991, Bathman et al. 1993, Drits
et al. 1993, Torres et al. 1994a)
Many studies have been conducted on the metabolism of the krill
Euphausia superba to help understand its energy usage and the life history
strategy that underlies its success in the Antarctic system. E. superba is a large
component of the Antarctic food web and is a major food source to fish, seals,
penguins, and whales (Figure 1.1). It sustains the largest single-species
crustacean fishery in the world (Marr 1962, Laws 1985, Croxall and Nicol 2004).
1

E. superba’s herbivory and long life (Marr 1962, Quetin and Ross 1991) make its
overwintering strategies particularly interesting. Other herbivores in the
Antarctic, such as the calanoid copepods Calanoides acutus and Rhincalanus
gigas, enter a form of metabolic arrest or diapause at the beginning of winter
(Atkinson 1991, Hopkins et al. 1993). Past data show that Euphausia superba
drops its metabolism by up to 50% from summer to winter (Torres et al. 1994a)
and it also decreases its molt frequency in the winter months (Mauchline and
Fisher 1969). Other studies on E. superba show that its overwintering strategies
include accumulating a lipid store composed mainly of triglycerides during the
productive summer period that can be quickly mobilized for winter utilization
(Hagen et al. 1996, Mayzaud et al. 1998). However, the lipid store alone is not
enough to sustain an individual for the entire winter (Torres et al. 1994a, Hagen
et al. 1996, Hagan et al. 2001). Ikeda and Dixon (1982) conducted a starvation
experiment and discovered that E. superba could survive for months by
catabolizing the protein within its body and shrinking its overall size. However,
prior to the present work, no studies on E. superba had looked at metabolism
along a large latitudinal gradient when the shift to winter metabolism was most
likely to be happening in the field: the very end of austral summer.
The metabolic indicators used in the present study included body
composition analysis, shipboard respiration measurements and metabolic
enzyme assays. Metabolism has been shown to decrease as the krill prepare to
overwinter and the present study was designed to examine that decrease
between seasons and throughout the austral fall on a latitudinal gradient along
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the western Antarctic Peninsula (WAP). The metabolic enzymes chosen for
examination in the present study were L-malate dehydrogenase (MDH) and
Citrate synthase (CS). MDH has been shown to be a good indicator of
metabolism and condition in crustaceans (Donnelly et al. 2004). CS can be used
as a quantitative index of aerobic activity (Childress and Somero 1979). Body
composition measures such as wet weight, ash free dry weight, and percent
protein have been shown to be useful in understanding the overall condition of
each individual studied (Donnelly et al 2004, Ombres et al 2011).
The Western Antarctic Peninsula (WAP) shelf region also is a unique area
in that it provides many opportunities for the mixing of neritic and oceanic species
(Parker et al 2011). The proximity of the Antarctic Circumpolar Current (ACC),
which flows in a northeasterly direction near the shelf break creates many
smaller gyres along the WAP which may serve to retain fauna (Klinck et al 2004,
Parker et la 2011). There are many cross-shelf troughs and depressions on the
WAP shelf, providing a route for intrusions of warm, oceanic Circumpolar Deep
Water (CDW), which further mixes oceanic and coastal assemblages (Hofmann
et al., 1996; Smith et al., 1999; Klinck et al., 2004, Parker et al 2011).
Pleuragramma antarcticum is the only pelagic notothenoid and as such is
an important prey item to penguins, birds, seals and whales. It is a neritic fish
found close to the coast and it has a circumpolar distribution. In contrast,
Electrona antarctica is the dominant myctophid in WAP shelf waters (Lancraft et
al. 2004, Donnelly and Torres 2008). It also has a circumpolar distribution but is
found out in the open ocean and along the WAP can be found near the coast
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(Donnelly and Torres 2008). It is a very important mesopelagic species that
performs vertical migrations from a daytime depth of 600 m to near-surface
waters at night to consume krill and other zooplankton, returning to depth at
dawn where digestion and egestion occurs (Greely et al 1999). Myctophids are a
food source for many high level predators and may prove to be more important to
the WAP food web in the future in the event that E. superba and P. antarcticum
stocks continue to decline (Murphy et al. 2007, Shreeve et al. 2009).
Carbon and nitrogen stable isotopes have been used in many ecological
studies to learn more about diet, foraging location and trophic position.
Organisms become enriched in the heavier isotope of each element relative to
their food source because of the selective retention of the heavy isotope and
excretion of the lighter isotope (Michener and Kaufman 2007). There is generally
an enrichment of 2‰-5‰ per trophic level in δ15N and 0.8‰ per trophic level in
δ13C in high latitude environments (Post 2002, Michener and Kaufman 2007).
Nitrogen isotope differences are frequently used to determine trophic level (Wada
et al. 1987, Cherel et al. 2010, Cherel et al. 2011). Carbon isotopes tend to differ
more between terrestrial and marine systems, inshore vs offshore, and pelagic vs
benthic food webs than they do between trophic levels within a system (France
1995, Hill et al. 2006, Cherel et al. 2011). Past studies have shown that an
inshore to offshore gradient exists in most coastal ecosystems, including the
Antarctic (Hodum and Hobson 2000, Quillfeldt et al. 2005, Cherel and Hobson
2007). Carbon isotopes are therefore more useful in determining foraging
location or preferred habitat.

4

Stable isotopes can be very useful in understanding trophic linkages.
However, many factors affect isotopic fractionation and these factors can vary
widely over short temporal and spatial scales. Nitrogen isotopes can vary due to
source nitrogen, upwelling and downwelling, enrichment through the trophic web,
metabolic differences, and individual condition (Adams and Sterner 2000).
Carbon becomes fixed by phytoplankton during photosynthesis and helps
to establish a baseline for the food web. During photosynthesis, cells
preferentially take up the lighter C12 isotope for carbon fixation. This causes the
δ13C of photosynthate to be lighter than that of the ambient CO2. The magnitude
of the photosynthetic fractionation varies depending on many different factors,
like light intensity, growth rate, aqueous CO2 concentration, and cell geometry
i.e.: surface to volume ratio (Rau et al. 1989, Laws et al. 1997, Popp et al. 1998,
Rost et al. 2002). At high latitudes aqueous CO2 concentrations tend to be high,
due to the increased solubility of CO2 at colder temperatures, hence δ13C values
tend to be lower in high latitudes (Wada et al. 1987, Rau et al. 1989, Graham et
al. 2010)
No study of stable isotopes has been done along a latitudinal gradient on
the WAP to the scale of that reported in the present work. All others have either
focused on other regions of the Southern Ocean, e.g. across the polar front, in
the Weddell and Ross Seas (Cherel et al. 2011) or on much higher trophic levels
such as foraging seabirds, seals and whales (Quillfeldt et al. 2005, Cherel and
Hobson 2007, Cherel et al. 2010, Jaeger et al. 2010a). Along the WAP, studies
have been conducted looking at entire food webs in one sampling location like
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the area surrounding Palmer station (Dunton 2001) or at gradients in isotopes
within a confined region such as Marguerite Bay. In the Antarctic there is a
strong latitudinal gradient in the carbon isotope ratio of particulate organic matter
(POM) (Rau et al. 1991, 1991a), and other studies have shown that the pCO2
changes with latitude in the southern Ocean (Longinelli et al. 2007). Other
factors that may create a δ13C gradient along the WAP are the changes in
irradiance with latitude and the resulting change in phytoplankton growth rate, as
well as physical factors including water column stratification, ice cover and
upwelling of old, nutrient rich water containing dissolved inorganic carbon (DIC)
depleted in 13C.
Euphausia superba, Electrona antarctica and Pleuragramma antarcticum
are all important prey items to whales, seals, seabirds, and other predators
(Moline et al. 2004). E. superba has been widely studied due to its prevalence
along the WAP, with many reports of its stable isotope composition. Those
studies showed the vast range of E. superba’s stable isotope values, however,
each study was conducted within a limited sampling region, highlighting the need
for a comprehensive view of how stable isotopes vary with the latitudinal gradient
that naturally occurs along the WAP.
The WAP is one of the fastest warming regions on the planet, with an
increase in midwinter temperature of 5o C over the last 50 years (Ducklow et al.
2007). The warming has led to changes in ice extent and in the timing of sea
advance and retreat (Stammerjohn et al. 2008, 2008a) accompanied by species
composition shifts (Moline et al. 2004, Ducklow et al. 2007, Montes-Hugo et al.
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2009, Murphy et al. 2012). The silverfish Pleuragramma antarcticum shows
signs of disappearing from areas along the WAP (Ducklow et al. 2007, Parker
2012). Its decline may also be tied to changes in sea ice (Vacchi et al. 2004). A
more complete understanding of trophic structure along the WAP and how the
metabolism of key species like the Antarctic krill Euphausia superba vary
naturally along the peninsula will give us better predictive ability for how the WAP
will continue to react to the rapid regional warming now taking place.
The marginal ice zone (MIZ) is the seasonally expanding and contracting
area at the ice edge where ice is either melting (in spring) or expanding (in the
fall). It is the transition zone between the pack ice and the open ocean. The
marginal ice zones (MIZ) associated with the spring retreat of the Antarctic sea
ice, though small in area and ephemeral in duration, are responsible for a large
portion of the primary production in the Southern Ocean (Smith et al. 2001). The
MIZ includes three sub-regions, the pack ice zone, where the ice is still present
as a recognizable contiguous pack, the ice edge itself, and the open water zone
seaward of the edge.
The pack ice zone is characterized by low primary production, cold
temperatures, and low light levels (Burghart et al. 1999). Zooplankton may use
multi-year pack ice to evade predation and use the sea ice biota as a food source
when overwintering (Daly and Macaulay 1991). The ice edge is characterized by
high primary production, stratification due to meltwater, and higher light levels
(Burghart et al. 1999). For zooplankton, the ice edge offers a much needed
supply of phytoplankton and other small prey that is essential for reproduction
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and growth. For higher trophic levels the ice edge is the frontier between the
open ocean and the pack ice zones and may serve as a mixing environment,
with species from both under-ice and open-ocean systems.
Many studies have been conducted in the marginal ice zone of the
Weddell Sea demonstrating the drastic effect that change in sea ice cover can
have on the distribution and condition of many species. For example, Geiger et
al. (2000, 2001) reported on the condition of mid-water fishes and zooplankton in
each ice zone in early summer, finding that most species studied showed a
marked increase in condition from the under-ice zone to the ice edge and open
ocean. They related this increase in condition to the seasonal change in ice
cover with those species under the ice experiencing winter-like conditions and
those in the open ocean representing summer conditions. Kawall et al. (2001)
found that the metabolism of all copepods except the omnivores (e.g. Metridia
gerlachi) was significantly higher at the ice edge and open water zones than in
the pack ice. The improvement in physiological condition in both studies followed
the pulse of the spring ice edge bloom and was underscored by the distribution
changes in biomass-dominant copepods in the Weddell marginal ice zone
(Burghart et al. 1999).
Most stable isotope studies conducted in the Weddell Sea have taken
place during the ice free seasons (Rau et al 1991, Stowasser et al 2012, Tarling
et al 2012). Those studies have revealed many intriguing aspects of the trophic
dynamics in the region. For example, Stowasser et al (2012) found latitudinal
differences in the food web structure and food chain length during the summer in
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the Scotia Sea. Tarling et al (2012) found a seasonal effect on the size spectra
of the entire food web in the Scotia Sea during spring, summer and fall,
indicating biomass accumulation. Rau et al (1991) showed that POM varied in
the Weddell Sea and that some of the variation was associated with ice cover.
Past studies on diapausing copepods have found a unique stable isotope
signature with enriched δ15N and δ13C and a decrease in the C:N ratio (Perrin et
al 2012). The current study hoped to resolve isotopic differences throughout the
food web in all three ice zones in addition to investigating whether the Antarctic
diapausing copepods had a similar isotopic signature to those reported in Perrin
et al (2012). Understanding the seasonal trophic dynamics in the highly
productive Southern Ocean MIZ’s will enable better predictions of the impact of
climate change on Antarctic pelagic food webs.
This dissertation had three main goals, which are described in the
following three chapters. The goals of Chapter 2 were twofold. The first was to
quantify differences in metabolism and enzyme activities of E. superba as a
function of season over a wide spectrum of size and ontogeny - ranging from
furcilia to mature adults. The second was to see if the previously reported drop
in metabolism during winter could be detected in the field over a time period
directly following the fall equinox and over a large latitudinal gradient.
The objectives of Chapter 3 were to determine if there were latitudinal
trends in the stable isotopes of secondary consumers (E. superba) along the
Western Antarctic Peninsula and if so, to postulate a reason for why the gradient
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exists. A second important goal was to resolve any isotopic differences in
important prey fishes feeding inshore vs. offshore.
The first goal of Chapter 4 was to determine if diapausing animals in the
pack ice zone had a recognizable stable isotope signature and if so how that
signature changed with each ice zone. A second goal of this chapter was to
determine if the stable isotope signatures varied predictably both within a species
and throughout the food web sampled in each successive ice zone.
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Figures

Figure 1.1: Southern Ocean food web diagram showing the importance of the
krill, Euphausia superba in linking primary production with the rest of the food
web.
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CHAPTER TWO: Seasonal and latitudinal gradients in the metabolism of
the Antarctic krill, Euphausia superba
Introduction
Environmental extremes in the Southern Ocean have led to a variety of
survival strategies among its inhabitants. Seasonal blooms of phytoplankton
during the spring and summers followed by months of ice cover and reduced
photoperiod lead to near- zero primary productivity during the fall and winter
(Vernet et al. 2012). The low phytoplankton biomass makes it necessary for
herbivorous zooplankton and micronekton to evolve life histories that include
strategies for surviving the winter. Some of these overwintering strategies
include reduced metabolic activity, large lipid stores, or switching to alternate
food sources. (Atkinson 1991, Bathman et al. 1993, Drits et al. 1993, Torres et
al. 1994a)
Euphausia superba is distributed from the Antarctic convergence to inner
shelf. It is a large, long-lived euphausiid, reaching over 45mm in length and an
age of 6-7yrs (Ikeda and Dixon 1982). It is a schooling species, forming
aggregations as larvae that may persist through adulthood (Quetin and Ross
1991, Zhou and Dorland 2004, Lawson et al. 2008). Though primarily a
schooling species with its highest numbers remaining in the upper 50 m, it can
and does vertically migrate periodically (Zhou and Dorland 2004, Ashjian et al.
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2008, Lawson et al. 2008). It is mainly herbivorous but is capable of carnivory,
especially in the fall and winter when phytoplankton is scarce (Atkinson et al.
2002, Schmidt et al. 2006, Tobe et al. 2010). During the winter months it has
been observed feeding on under-ice algae (Quetin and Ross 1991). Spawning
occurs in the austral summer beginning in early to mid-December and can last as
long as three months (Marr 1962, Mauchline and Fisher 1969).
Euphausia superba is a large component of the Antarctic food web and is
a major food source to fish, seals, penguins, and whales. It sustains the largest
single-species crustacean fishery in the world (Marr 1962, Laws 1985, Croxall
and Nicol 2004). E. superba’s herbivory and long life (Marr 1962, Quetin and
Ross 1991) make its overwintering strategies particularly interesting. Other
herbivores in the Antarctic, such as the calanoid copepods Calanoides acutus
and Rhincalanus gigas, enter a form of metabolic arrest or diapause at the
beginning of winter (Atkinson 1991, Hopkins et al. 1993). Past data show that
Euphausia superba drops its metabolism by up to 50% from summer to winter
(Torres et al. 1994a) and it also decreases its molt frequency in the winter
months (Mauchline and Fisher 1969). Other studies on E. superba show that its
overwintering strategies include accumulating a lipid store composed mainly of
triglycerides during the productive summer period that can be quickly mobilized
for winter utilization (Hagen et al. 1996, Mayzaud et al. 1998). However, the lipid
store alone is not enough to sustain an individual for the entire winter (Torres et
al. 1994a, Hagen et al. 1996, Hagan et al. 2001). Ikeda and Dixon (1982)
conducted a starvation experiment and discovered that E. superba could survive
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for months by catabolizing the protein within its body and shrinking its overall
size.
Strand and Hamner et al. (1990) showed that schooling behavior in krill
responds to visual stimuli such as light levels and model predators. They also
were able to show that E. superba’s compound eye can detect changes in light
levels but that drastic changes in light levels appeared to temporarily blind the
krill while slow changes in light level did not cause blindness but did alter the krill
schooling behaviour. Teschke et al. (2007) showed that simulated light levels
and not food availability affected feeding and metabolism of E. superba,
suggesting that the decrease in metabolism may be triggered by light levels
alone. If light alone is the main factor controlling the metabolic down-regulation
in E. superba one might expect that the decrease would be either gradual (with
varying degrees of decrease correlated to the seasonal decrease in light) or
abrupt with a metabolic “shut down” at a threshold light level. If the decrease is
gradual one might also expect to find a latitudinal gradient with larger decreases
in metabolism at more southerly latitudes during the austral fall.
The goals of the present study were twofold. The first was to quantify
differences in metabolism and enzyme activities of E.superba as a function of
season over a wide spectrum of mass - ranging from furcilia to mature adults.
The second was to see if the previously reported drop in metabolism during
winter could be detected in the field over a time period directly following the fall
equinox and over a large latitudinal gradient.
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The enzymes chosen for examination in the present study were L-malate
dehydrogenase (MDH) and Citrate synthase (CS). MDH has been shown to be a
good indicator of metabolism and condition in crustaceans (Donnelly et al. 2004).
CS can be used as a quantitative index of aerobic activity (Childress and Somero
1979).
Methods
Sample collection
Samples were collected during six cruises to the Antarctic during 1993,
2001, 2002 and 2010. Summer data were acquired on the 1993 cruise onboard
the RV Polar Duke during November and December (Austral spring/summer).
The data from this cruise form an important reference to the current data set by
providing a summer rate and were published in a series of papers (Burghart et al.
1999, Geiger et al. 2000, 2001; Kawall et al. 2001, Donnelly et al. 2004). The
cruise plan consisted of an initial transect along the ice edge zone. Following
this, the cruise track went north to ice free, low chlorophyll water and conducted
a north to south transect from open water to within the pack ice. Within each ice
condition (open water, ice edge, within ice) stations were maintained for a period
of several days. Samples were collected with Tucker trawls (9 m2 mouth area, a
mesh size of 4 mm, and a cod end mesh of 500 µm) and Plummet nets (mouth
area 1 m2 and a mesh size of 162 µm) (Burghart et al. 1999, Geiger et al. 2000).
Samples were sorted and identified to species and used for shipboard respiration
experiments and then frozen at -80° C for further analysis.
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The four cruises conducted in 2001 and 2002 were a part of the Southern
Ocean GLOBEC program. During April and May of 2001 and 2002 (austral fall)
sampling was conducted aboard the RV Laurence M. Gould in the vicinity of
Marguerite Bay, WAP (Red and orange squares in Figure 2.1a). The austral
winter samples were collected aboard the RV Nathaniel B. Palmer during July to
September in 2001 and 2002 (Green and purple circles in Figure 2.1a). During
the fall cruises six sites were each occupied for five to six days. The winter
cruises sampled along a predetermined survey grid comprised of stations at 20
km intervals along a 12-14 across shelf transects (Parker et al. 2011).
Macrozooplankton and micronekton were collected with a 10 m2 multiple opening
and closing net and environmental sampling system (MOCNESS) with six nets
with a mesh size of 3-mm (Wiebe et al. 1976, Wiebe et al. 1985). Samples were
sorted and identified to species and used for shipboard respiration experiments
and then frozen at -80° C for further analysis.
In 2010 samples were collected from March to May aboard the RV
Nathaniel B. Palmer. Samples were collected from multiple sites along the WAP
which where numbered chronologically (Figure 2.1b). The cruise track began at
site one (Palmer) and from there headed south to site two (Charcot). The cruise
proceeded north along the WAP stopping at some sites multiple times (e.g. site 3
and 3b: the Marguerite Bay coastal sites near Adelaide island, and sites 1Palmer and 6-Palmer Deep). See Table 2.1 for a list of all sites and site names
and the dates each site was occupied. Samples were collected with a 10 m2
MOCNESS midwater trawling system. Each of its six nets had a mesh size of 3-
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mm (Wiebe et al. 1976, Wiebe et al. 1985, Parker et al. 2011). During each
cruise specimens to be used for shipboard respiration experiments were rapidly
removed from the catch and placed in 28 liter tubs at environmental temperature
(-1o C to 0o C) until used for experiments. After completion of the runs they were
frozen at -80° C for further analysis.
Respiration experiments
Oxygen consumption rates were determined by allowing animals to
deplete the oxygen in sealed water-jacketed, rectangular, lucite chambers filled
with filtered (0.45 µm) seawater. Animals were removed from the holding tubs
and stabilized at 0 degrees C for at least one hour. The animals were very
carefully transferred into the air-tight chambers (Ikeda et al. 2000) which were
connected to a water bath to keep them at 0oC. The oxygen partial pressure
(pO2) was continuously monitored using Clark polarographic oxygen electrodes
(Clark 1956). Prior to their placement into the chambers the oxygen electrodes
were calibrated using air and nitrogen saturated seawater. All experiments were
conducted in the dark to get as close to a resting respiration rate as possible.
The respiration chambers contained a perforated lucite bottom which served to
isolate the experimental subject from a stir bar. The stir bar was run at the
lowest level possible to assure proper function of the oxygen electrode. The run
was considered over when the oxygen had been 80% depleted, (about 12 hrs).
Animals were then removed from the respiration chamber, blotted and placed in
the -80o C freezer for further analysis.
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Data were recorded using a computer-controlled digital data logging
system. Each oxygen probe was scanned once per minute, its signal averaged
over a period of 1s, and then recorded. Data were reduced by first averaging the
30 recorded values in each 30 min increment of an entire run, producing up to
24, 30 min points in a 12 h run. Data obtained during the first hour were
discarded due to the high activity of experimental animals right after introduction
into the chamber and points after oxygen becomes limiting (ie: below 30 mm Hg)
were also removed. Points were then averaged to produce a routine rate for
each individual.
Enzyme analyses
The enzymes chosen for examination in the present study were L-malate
dehydrogenase (MDH) and Citrate synthase (CS). MDH plays several roles in
energy metabolism. The mitochondrial isozyme (m-mdh) is a component of the
citric acid cycle and along with the cytoplasmic isozyme (s-mdh), functions in
shuttling reducing equivalents between the mitochondria and cytoplasm. MDH
has been shown to be a good indicator of metabolism and condition in
crustaceans (Donnelly et al. 2004). CS is found within the mitochondrion and is
positioned at the beginning of the citric acid cycle. CS is an important regulatory
site in the citric acid cycle; it can be used as a quantitative index of citric acid
cycle activity and therefore aerobic activity (Childress and Somero 1979).
Samples were homogenized in 50mM Imidazole/HCl buffer (pH 7.2 @ 20°
C) using a ground glass homogenizer and kept at ice-bath temperature for the
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duration of the assays. Activities were measured at 10° C±0.2° C using a
temperature-controlled UV/Visible spectrophotometer with data analysis
software. Enzyme activity was expressed in units (µmol substrate converted to
product min-1) per gram wet weight of tissue. All assays were done in triplicate
and the average value was used in further statistical analysis. All enzyme
assays followed the procedure of Childress and Somero (1979).
Nitrogen excretion
Water sample aliquots were taken from each respiration run. The USFCMS nutrient chemistry lab measured the ammonia in each aliquot using a
Technicon auto analyzer. The ammonia concentration in each aliquot was used
to calculate an ammonia excretion rate that was used along with the respiration
data to calculate O:N molar ratios.
Protein composition
For protein composition analyses, homogenate was diluted by a factor of
20 using distilled water. The air above the homogenate was displaced with
nitrogen before placing it in a conventional freezer (-20o C) for a maximum of 96h
until protein analysis was conducted. Protein composition was measured using a
modification of the Lowry methods described in Donnelly et al. (1990).
Absorbance was measured at 750nm. Values were then compared to a standard
curve to obtain values for protein content.
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Dry and ash weight measurements
One ml aliquots of homogenate were dispensed into pre-combusted, preweighed crucibles and dried to a constant weight in a 60ºC oven. Ash content (%
DM) was measured following combustion of the dried crucibles at 500ºC for 4
hours.
Statistical analyses
The overall mean values were calculated, as well as the mean values for
each size class during each season. The size classes were created by halving
each order of magnitude change in wet mass (cf. Torres et al. 1994a) i.e., size
class 1: 0.0 to 4.9 mg, size class 2: 5.0 to 9.9 mg, size class 3: 10.0 to 49.0 mg,
size class 4: 50.0 to 99.9 mg, size class 5: 100 to 499.9 mg, size class 6: 500 to
999.9 mg, and size class 7: 1000 to 4999.9 mg. Seasonal differences in
metabolism, enzyme activities and composition within and between species were
examined with ANOVAs. Duncan’s multiple range test enabled discrimination
between homogenous groups. All statistical analyses were conducted using
Statistica (Statsoft Inc.) with a significance level of p< 0.05.
Results
Respiration rates for E. superba from the summer of 1993 are from
(Donnelly et al. 2004). Fall and winter 2001-2002 data are previously
unpublished data from the GLOBEC program.
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Seasonal differences
Respiration: Respiration rates decreased from fall to winter, with
significantly higher values in the summer than those in the fall and winter (Figure
2.2). Fall 2002 and winter 2002 respiration rates were slightly higher than those
from the previous year and the decrease from fall to winter is consistent between
cruises. When the metabolism was plotted against mass, the summer values
were all significantly higher than the fall and winter values regardless of size
(Figure 2.3).
Enzyme assays: CS values corresponded well with the respiration values,
with the significantly higher CS values in the summer, significantly lower CS
values in the winter, and a significantly different intermediate CS value in the fall
(Figure 2.4). MDH values also had significantly higher values in the summer.
Fall and winter MDH values were not significantly different from each other
(Figure 2.5).
O:N ratio: The O:N ratios from the GLOBEC cruises were all significantly
different. The O:N ratio increased significantly from fall to winter suggesting that
lipid is utilized more in the winter than in the fall, however it also increased from
2001-2002 suggesting an inter-annual variability in diet and condition (Figure
2.6).
Body composition: Juveniles and adults showed a decline in mean wet
mass and dry mass from fall to winter. All other stages showed no change in wet
mass and dry mass between seasons. However, the percentage of their body
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weight that can be attributed to ash increased from fall to winter in all stages
except adults (Table 2.2).
Austral fall – Investigating change throughout a season
Respiration: In 2010 the metabolism of E. superba was examined in a
latitudinal gradient along the WAP from March to May. During the course of the
cruise E. superba’s mean respiration rate decreased from 0.11 µl O2 per mg WM
per hour to 0.06 µl O2 per mg WM per hour. H,owever due to large variability
within each site and a low sample size none of the sites were significantly
different from one another (Figure 2.7, Table 2.3). Those rates match well with
the fall and winter rates obtained in 2001 and 2002 but the slight decrease
through time (Figure 2.8) was not previously documented.
Enzyme activity: The CS enzyme activity measured in 2010 varied widely,
with the lowest values obtained in the southern portion of the WAP (sites 2 and
3) and the highest values in the north (site 1) (Figure 2.9, Table 2.3). Site one
was significantly higher than sites 2, 3 and 8. The values obtained at the
beginning of the cruise (site 1) were very similar to previously recorded summer
values (Figures 2.4, 2.9). However, the values recorded at site 2 were closer to
the winter values for CS activity. Palmer station was visited twice during the
cruise with a month in between visitations (sites 1 and 6). The CS activity
decreased (Figure 2.10) from the first visit (site 1) to the second (site 6).
Throughout the rest of the WAP the CS activity values were intermediate, falling
between the previously documented fall and summer rates. The MDH activity
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values show similar trends to those of CS (Table 2.3). At the beginning of the
cruise at Palmer station (site 1) the MDH values were significantly higher than at
all other sites except site 7 (Figure 2.11). Site 1 values were also the same as
previously recorded summer enzyme activities (Figures 2.5, 2.11). At the
southernmost site the MDH values were the same as fall/winter values previously
recorded. MDH values also decreased during the one-month time frame
separating Palmer station sites 1 and 6 (Figure 2.12). MDH values increased
from values reminiscent of fall, to those typical of summer as we sampled north
on the WAP (Figure 2.11, Table 2.3).
O:N ratio: The average O:N ratio in 2010 also varied along the WAP
(Table 2.3). At sites 1, 4, 5 and 6 the average value of the ratios ranged from 2025, slightly lower than those seen in the fall of 2002 (Figure 2.13, 2.6). All other
sites had slightly higher O:N ratios, ranging from 42-53, which is higher than
those reported in the winter of 2002 (Figure 2.13, 2.6). However, due to the
variability within each site, none of the differences were significant.
Body composition: Means for body composition elements are listed by
site in Table 2.4. When protein content was expressed as a percentage of ash
free dry mass (AFDM) to remove the effect of water content, site 1 was
significantly lower than sites 2 and 3 and site 8 was also significantly lower than
site 3 (Table 2.4, Figure 2.14). At Palmer station protein (expressed as a
percentage of AFDM) increased slightly through time although this increase was
not significant (Figure 2.15). Since animals were selected for respiration analysis
based on size, this study detected no significant difference in wet mass along the
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WAP. Percent ash (%DM) also varied along the WAP with significantly higher
values at site 7 compared to all sites except sites 1, 5, and 6 (Table 2.4). Sites 1
and 5 also had significantly higher values than site 4 (Figure 2.16). At Palmer
station percent ash decreased through time although this decrease was not
significant due to sample size (Figure 2.17). There were no significant
differences in the percent water along the WAP (Figure 2.18). At Palmer station
and at the MB coastal sites (both visited twice during this cruise) the water
content appears to decrease with time although this trend is not significant
(Figure 2.19).
Discussion
Seasonal differences
Respiration: When metabolism was plotted against mass, the curve of the
summer rates was significantly above the curve of fall and winter rates with a
very similar slope; suggesting that krill of all sizes reduced their metabolic output
from summer to winter to the same extent regardless of size. Respiration rates
were highest in the summer and lowest in the winter corresponding to light levels
and primary productivity in the Southern Ocean. During the winter krill employ
many strategies to reduce their energetic expenditure. They have been
observed to aggregate near the underside of the ice, or even in the case of
furcilia to occupy the space between two rafted ice floes, thus reducing their
energetic expenditure (Meyer et al. 2009b). Krill also reduce their molt rates
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(Mauchline and Fisher 1969) in the winter further suggesting an overall metabolic
slow-down in this food-limited season.
Enzyme activity: CS activity was highest in the summer and the lowest in
the winter with a transitional value in the fall. MDH values corresponded with CS
and respiration data with the highest rates in the summer and the lowest in the
winter. However unlike CS activity, the fall MDH values were very similar to the
winter rates. The MDH values showed a more abrupt change with very high
summer values and low fall and winter values. The MDH values may be more an
indicator of condition in this species, showing the good condition in the summer
and relatively poor condition of the animals in the fall and winter (Donnelly et al.
2004).
O:N ratio: The increase of O:N ratios in E. superba from fall to winter
indicate that it utilized lipid as an energy store of last resort during the lean winter
months. The year to year variation in the O:N ratios further suggested that 2001
was a poor year for accumulating lipid stores. In 2002 it was obvious from the
increased O:N ratios from fall to winter that E. superba was utilizing more lipid as
the winter progressed. This evidence indicates that there was some variation in
food abundance and or quality between years. In 2001 the ice formed late in the
fall and trapped less phytoplankton (Torres, J.J. personal communication).
Entrained phytoplankton is an important food source for overwintering krill
(Quetin and Ross 1991) and the lack of under- ice grazing could explain some of
the year to year variation in O:N ratios. Marrari et al. (2011a) states that
copepods were ingested by E. superba in the fall and winter of 2001, whereas in

32

2002 this zooplankton feeding was not prevalent. Past findings have indicated
that while E. superba may be feeding on copepods during the fall and winter
months when phytoplankton is scarce, they don’t readily incorporate the lipids
from those copepods (Stubing et al. 2003, Ju and Harvey 2004). E. superba’s
poor assimilation of the lipids in copepods, and the timing of the ice advance, are
the most likely reasons for the year to year differences in O:N ratios (Ju and
Harvey 2004, Marrari et al. 2006, Quetin et al. 2007, Vernet et al. 2008, Marrari
et al. 2011b, Vernet et al. 2012).
Body composition: Juveniles and adults decreased their mean WM and
mean DM from fall to winter indicative of the body-shrinkage theory postulated by
Ikeda and Dixon (1982). Smaller stage krill exhibited a slight increase in mean
WM and DM from fall to winter, evidence that some growth occurs from fall to
winter in smaller stage krill. The growth trend is further supported by the fact that
percent ash increases in all stages across all seasons except in adults. Increase
in percent ash accompanies increased water content, a strong indicator of
starvation.
Austral Fall – Investigating change throughout a season
Respiration: The variability of the respiration rates and enzyme activity
along the WAP demonstrated that winter comes earlier to the southern region of
the WAP, inducing a greater decrease in metabolism at the more southerly sites
earlier than those sites further north. As exhibited by the sites visited twice with
one month between visits (Palmer site 1, and 6) during the cruise, though not
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significant due to sample size, respiration decreased through time (Figure 2.8).
The decrease in metabolism appeared to be linked more closely to light levels
than to food availability (Teschke et al. 2007). The decline was more
pronounced and occurred sooner in the southern region than in the northern
region of the WAP, mirroring the latitudinal gradients in light (Quetin et al. 2007).
Enzyme activity: MDH values were similar to the respiration values in that
site 1 had the significantly highest and most summer-like value. Site 2, the
southernmost site, had one of the significantly lowest MDH value (a winter value)
and moving north along the WAP the MDH values increased from winter to fall
ranges (Table 2.3, Figure 2.5). This trend shows the gradual shift in condition
and metabolism as fall progresses towards winter. Also at the sites located near
Palmer station that were visited a month apart (sites 1, and 6) there was a
significant decrease in MDH activity throughout the fall (Figure 2.12) again
emphasizing the gradual decline in metabolism from fall to winter. CS activities
were more variable along the WAP but exhibited a similar trend, with significantly
higher, summer-like values at site 1 and the significantly lowest and most winterlike values at site 2. Similar to the respiration and MDH activity values, CS
values decreased through time at the Palmer station sites (1 and 6) although that
decrease was not significant (Figure 2.10).
O:N ratio: There was no significant difference between site in O:N ratios
due to the variability in the O:N ratios within each site. However site 1 did exhibit
O:N ratios similar to summer values and site 2 exhibited values that were similar
to winter rates. The overall average O:N ratio on this cruise was 36.9.
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Compared to the GLOBEC cruises this value was similar to the 2002 winter
ratios, indicating a high degree of lipid utilization. Krill rely on a suite of
adaptations to overwinter including a small accumulation of lipids (Quetin et al
1991). If coupled with poor overwintering conditions (i.e. late ice formation) the
increased utilization of lipids already seen in the fall could lead to a low krill
recruitment year.
Body composition: Sites 1, 5, 6 and 7 had the highest water content along
the WAP although due to the small sample size there were no significant
differences between any of the sites (Figure 2.18, Table 2.4). Higher water
content implies a poorer condition as more of the animals body mass is
composed of water as opposed to organic material (eg: protein or lipid). The
difference in water content highlights the importance of the different hydrographic
regimes along the WAP. Site 1, 5, 6 and 7 all lie within Region II, (Figure 2.1b)
the area with the largest decline in krill stocks and other Antarctic species like the
silverfish Pleuragramma antarcticum (Klinck et al. 2004, Ducklow et al. 2007,
Parker 2012). Protein (%AFDM) was lowest at site 1. Site 7 exhibited a low
average value but due to within site variation this was not significantly different
from other sites. Protein (%AFDM) was significantly higher at sites 2 and 3
highlighting the changes in condition with latitude and hydrographic regime along
the WAP (Figure 2.14, Table 2.4). The lower protein content and higher water
content at the sites in Region II indicate a poor condition in comparison to the krill
collected at other sites along the WAP. If krill are in poor condition prior to the
harshest season of the year in one region of the WAP where physical processes
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enhance retention (Klinck et al. 2004), it comes as no surprise to learn that their
stocks and those of their predators are declining in that same region.
Conclusions
There is an overall decrease in metabolism from summer to winter in krill
of all stages and sizes. This decrease in metabolism is not size dependent and
occurs during the austral fall as seen during the 2010 cruise in the decline in
metabolic indicators between Palmer (site 1) and Charcot (site 2). There is a
gradual decline in respiration combined with a significant decrease in metabolic
enzymes throughout the fall. This gradual decline with latitude could indicate a
light-dependent mechanism for decreasing metabolism in this species. Teschke
et al. (2007) showed that light levels affect metabolism more than food
abundance and availability in krill. Other authors have speculated about this light
dependent mechanism. Quetin et al. (2007) observed that a small shift in latitude
during the austral fall decreases irradiance substantially. The metabolic data
from the present study show that the winter drop in metabolism comes sooner to
the most southern regions of the WAP further validating the theory that
metabolism in krill decreases in some measure due to light cues.
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Tables
Table 2.1: 2010 WAP cruise site numbers, names and dates occupied

site #
1
2
3
4
3b
5
6
7
8

Site name
Palmer
Charcot
MB near Adelaide
island
MB trough
MB near Adelaide
island
Renaud
Palmer Deep
Croker Passage
Joinville

Dates
occupied
March 22-23
March 27-31
April 4-6
April 7-8
April 8-11
April 14-15
April 17-20
April 23rd
April 26th
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Table 2.2: Seasonal averages in body composition, data separated by stage
DM

Season

Cruise

N

Fall
Fall
Fall
Fall
Fall
Fall
Fall
Winter
Winter
Winter
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Winter
Winter
Winter
Winter
Winter
Winter
Summer
Summer
Summer

1
1
1
1
1
1
1
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4
4
5
5
5

20
31
20
43
104
79
27
19
43
112
5
28
2
14
11
64
24
20
2
15
60
52
31
25
12
27

Stage WM(mg) (mg)
M
F
f3
f4
f5
f6
j
M
F
f6
C3
F
f2
f3
f4
j
M
F
f4
f5
f6
j
M
F
M
j

1129.629
1041.494
3.360
4.675
6.879
10.456
299.822
1047.270
870.700
8.722
0.303
905.414
2.009
3.481
4.772
144.569
904.588
715.390
2.508
3.031
5.860
67.814
750.838
1194.928
1139.477
65.621

316.723
266.340
0.646
0.845
1.406
2.220
80.096
253.775
215.191
1.489
0.063
217.307
0.527
0.827
1.184
34.369
232.716
178.576
0.473
0.643
1.157
15.590
192.468
251.290
247.876
25.433

AFDM
(mg)
285.497
240.613
0.548
0.718
1.197
1.816
73.177
227.996
193.740
1.048
0.056
196.403
0.449
0.702
1.001
30.847
211.168
160.916
0.379
0.526
0.949
13.591
169.371
246.596
247.183
25.426

%ash
10.370
9.733
15.314
14.959
15.061
18.282
9.054
10.233
10.042
30.050
10.671
9.539
14.602
15.387
15.543
10.950
9.233
10.562
19.914
18.486
18.210
13.354
10.175
15.788
16.550
15.488

%H20
73.871
73.731
80.063
80.619
78.624
78.742
73.572
75.384
75.489
81.992
75.728
75.599
75.395
75.564
75.088
76.667
74.236
75.665
80.369
78.502
80.117
77.950
75.148
80.233
78.331
81.264

38

Table 2.3: Respiration and enzyme activity means by site with standard error in
parentheses.

location#
1

site
name
Palmer

n
11

2

Charcot

17

3

4
3b
5
6
7
8

MB
MB
trough
MB
Renaud
Palmer
Croker
Joinville

17

11
18
15
9
5
10

VO2
mean
0.109

LDH
14.331

MDH
59.713

CS
2.754

O:N
24.763

(±0.012)

(±0.368)

(±3.838)

(±0.183)

(±3.514)

0.094

9.546

29.454

1.294

35.229

(±0.008)

(±0.121)

(±3.046)

(±0.226)

(±5.775)

0.099

10.002

34.887

1.159

52.204

(±0.013)

(±0.100)

(±1.750)

(±0.082)

(±14.767)

0.169

10.792

44.227

2.192

24.922

(±0.092)

(±0.163)

(±5.026)

(±0.330)

(±3.828)

0.079

9.808

53.078

1.960

44.151

(±0.005)

(±0.124)

(±4.717)

(±0.203)

(±6.311)

0.062

8.435

46.126

1.480

20.799

(±0.003)

(±0.114)

(±4.800)

(±0.198)

(±3.526)

0.068

8.643

49.766

2.223

21.517

(±0.004)

(±0.147)

(±5.151)

(±0.229)

(±1.679)

0.132

7.771

48.275

2.113

42.290

(±0.052)

(±0.261)

(±3.701)

(±0.112)

(±15.093)

0.101

9.712

36.223

1.220

50.694

(±0.015)

(±0.191)

(±3.740)

(±0.219)

(±11.518)

VO2 is expressed in units of µlO2/mgWM/hr. All enzyme activities (LDH, MDH,
and CS) are expressed as µmol of substrate converted to product per min per
total WM (IU g WM-1)
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Table 2.4: Body composition means by site with standard errors in parentheses

location#
1

site
name
Palmer

n
11

2

Charcot

17

3

4
3b
5
6
7
8

MB
MB
trough
MB
Renaud
Palmer
Croker
Joinville

17

11
18
15
9
5
10

WW(g)
1.257

DW(mg)
20.290

AFDW(mg)
2.515

protein
(%AFDM)
2.269

%Ash
12.599

%H2O
84.629

(±0.080)

(±0.813)

(±0.130)

(±0.217)

(±0.827)

(±0.677)

1.214

24.232

2.736

3.686

11.313

83.370

(±0.099)

(±0.426)

(±0.156)

(±0.456)

(±0.624)

(±0.355)

1.243

23.810

2.569

3.897

10.871

81.346

(±0.076)

(±0.444)

(±0.058)

(±0.292)

(±0.344)

(±0.358)

1.045

23.327

2.285

2.760

10.084

80.561

(±0.128)

(±0.669)

(±0.104)

(±0.427)

(±0.626)

(±0.557)

1.113

23.636

2.556

3.205

10.881

80.303

(±0.061)

(±0.455)

(±0.087)

(±0.232)

(±0.448)

(±0.379)

1.190

20.582

2.568

3.245

12.545

83.992

(±0.063)

(±0.346)

(±0.093)

(±0.401)

(±0.539)

(±0.289)

1.248

21.425

2.538

3.420

11.979

84.130

(±0.033)

(±0.866)

(±0.050)

(±0.304)

(±0.466)

(±0.721)

1.148

19.650

2.875

2.031

14.919

86.900

(±0.093)

(±1.216)

(±0.097)

(±0.245)

(±1.244)

(±1.013)

0.770

24.050

2.544

2.321

10.551

81.963

(±0.084)

(±0.529)

(±0.187)

(±0.332)

(±0.719)

(±0.441)
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Figures

Figure 2.1a,b:: cruise tracks and sampling locations
Figure 2.1a: 2001 and 2002 GLOBEC sampling locations in the vicinity of
Marguerite Bay on the WAP. Squares represent fall samples Red = 2001,
Orange = 2002. Circles represent winter samples Green = 2001, Purple = 2002
Figure courtesy of (Park
(Parker 2012)
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Figure 2.1b: 2010 WAP cruise sampling sites. See table 1 for dates each site
was occupied. Figure courtesy of (Parker 2012)
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Figure 2.2: E. superba summer respiration rates (n=61) (Donnelly et al 2004)
were significantly different from the respiration rates collected during the other
seasons. Fall 2001 (n=256) respiration rates were significantly higher than
Winter 2001 (n=122) rates. Fall 2002 (n=112) respiration rates were significantly
higher than Winter 2001 (n=122). Winter 2002 (n=1
(n=139)
39) respiration rates were
significantly higher than Winter 2001 (122) rates.
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Figure 2.3: E. superba metabolism vs mass curves using summer data from
(Donnelly et al. 2004).. The xx-axis
axis shows the log of the wet weight of the
individual krill while the y-axis
axis shows the log of the respiration rate per individual
krill. Summer respiration rates are significantly higher than winter and fall rates
indicating a fundamental change in metabolism in all sizes of krill.
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Figure 2.4: E. superba ANCOVA showing the relationship between CS activity
and season with wet weight as a covariant. CS activity is significantly different in
each season. Rates from GLOBEC 2001
2001-2002
2002 cruises combined fall (n=69) and
winter (n=47); summer rates (n=58) from Donnelly et al. (2004).
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Figure 2.5: E. superba ANCOVA showing the relationship between MDH activity
and season with wet weight as a covariant. Summer values (n=65) were
significantly higher than fall (n=69) and winter (n=36) values. Rates from
GLOBEC fall and winter 2001
2001-2002 combined; summer rates from (Donnelly et
al. 2004)
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Figure 2.6: E. superba ANCOVA showing the relationship between the O:N ratio
and season with wet weight as a covariant. E. superba O:N ratio in each season
during the GLOBEC cruises Fall 2001 (n=251), Fall 2002 (n=109), Winter
Wi
2001
(n=76), and Winter 2002 (n=125). All are significantly different.
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Figure 2.7: E. superba respiration or VO2 (ul O2 per mg WM per hour)
hour at each
site (arranged chronologically as in Figure 1b and Table 1) along the WAP during
the 2010 Austral fall cruise. No significant differences were found between sites.
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Change with time along the WAP in VO2
0.14

VO2 (ulO2/mgWM/hr)

0.12
0.1
0.08

Palmer

0.06

MB coastal

0.04
0.02
0

Figure 2.8: Respiration at two sites (Palmer and MB coastal) that were each
visited twice during the 2
2010
010 WAP cruise. The error bars represent the standard
error. Sites 1 and 6 at Palmer (represented by the blue bars) were visited one
on
month apart. Sites 3 and 3b the MB coastal site (represented by the red bars)
were visited 3 days apart. Due to the variation within each site no significant
differences were found.
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Figure 2.9: 2010 ANOVA representing the change in E. superba CS activity at
each site (arranged chronologically by date sampled as in Figure 1b and Table 1)
along the WAP. Site 1 is significantly higher than sites 2, 3, and 8.
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Change with time along the WAP in CS activity
3.5

CS activity

3
2.5
2
1.5

Palmer

1
0.5
0
1

6
Site number

Figure 2.10: CS activity at Palmer (sites 1 and 6) sampled one month apart.
apart
Error bars represent the standard error. Due to the variance within site 6 these
sites are not significantly different.
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Figure 2.11: ANOVA representing the change in E. superba MDH activity at each
site (arranged chronologically by date sampled as in Figure 1b and Table 1)
along the WAP. Site 1 is significantly higher than all other sites except 7. Site 3b
is significantly higher than sites 2 and 8.
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Change with time along the WAP in MDH activity
70.00
60.00

MDH activity

50.00
40.00
30.00

Palmer

20.00
10.00
0.00
1

6
Site number

Figure 2.12:: Decrease in MD
MDH
H activity at Palmer (sites 1 and 6) sampled one
month apart. Error bars represent the standard error. Site 1 is significantly
higher than site 6.
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Figure 2.13: ANOVA representing the change in O:N values by site along the
WAP. Sites are numbered chronologically by date sampled as in Fig 1b and
Table 1. No significant differences were found.
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Figure 2.14: ANOVA representing the change in E. superba’s protein content
(expressed as a percentage of ash free dry mass (%AFDM)) by site (arranged
chronologically by date sampled as in Figure 1b and Table 1) along the WAP.
Site 1 was significantly lower than sites 2 and 3. Site 8 was significantly lower
than site 3.
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Change with time in Protein (%AFDM) along the
WAP
4
Protein (%AFDM)

3.5
3
2.5
2
1.5

Palmer

1
0.5
0
1

6
Site number

Figure 2.15: Protein expressed as a percentage of ash free dry mass (%AFDM)
at Palmer (sites 1 and 6) sampled one month apart. Error bars represent the
standard error. Due to the variance within each site these sites are not
significantlyy different from each other.
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Figure 2.16: ANOVA representing E. superba’s ash as a percentage of DM at
each site (arranged chronologically by date sampled as in Figure 1b and Table 1)
along the WAP. Site 7 was significantly higher than all sites exce
except
pt 1, 5 and 6.
Site 4 was significantly lower than sites 1, 5 and 7.
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Change in %Ash with time on the WAP
14
13.5
Ash (% DM)

13
12.5
12
Palmer

11.5
11
10.5
10
1

6
Site number

Figure 2.17: Change in percent ash at Palmer (sites 1 and 6) sampled one
month apart. Error bars represent the standard error. Due to the variance within
site 6 these sites are not significantly different.
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Figure 2.18: ANOVA representing E. superba’s percent water at all sites along
the WAP (sites arranged chronologically by date sampled as in Figure 1b and
Table 1). No significant differences were found between sites.
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Change in %H2O with time along the WAP
86
85
84
%H2O

83
82
81

Palmer

80

MB coastal

79
78
77
1

6
Site number

Figure 2.19: Percent water at two sites (Palmer and MB coastal) that were each
visited twice during the 201
2010
0 WAP cruise. Sites 1 and 6 at Palmer (represented
by the blue bars) were visited on
one
e month apart. Sites 3 and 3b the MB coastal
sites (represented by the red bars) were visited 3 days apart. The error bars
represent the standard error. No significant differences were found between
sites.
Works Cited
Ashjian, C. J., C. S. Davis, S. M. Gallager, P. H. Wiebe, and G. L. Lawson. 2008.
Distribution of larval krill and zooplankton in association with hydrography
in Marguerite Bay, Antarctic Peninsula, in austral fall and winter 2001
described using Video Plankton Recorder. Deep
Deep-Sea
Sea Research II 55:455471.
Atkinson, A. 1991. Life cycles of Calanoides acutus, Calanus simillimus and
Rhincalanus gigas (Copepoda: Calanoida) within the Scotia Sea.
Sea Marine
Biology 109:79-91
91.

60

Atkinson, A., B. Meyer, D. Stubing, W. Hagen, and K. Schmidt. 2002. Feeding
and energy budgets of Antarctic krill Euphasia superba at the onset of
winter - II. Juveniles and adults. Limnology and Oceanography 47:953966.
Bathman, U. V., R. R. Makarov, V. A. Spiridonov, and G. Rohardt. 1993. Winter
distributions and overwintering strategies of the Antarctic copepod species
Calanoides acutus, Rhincalanus gigas, and Calanus propoinquus
(Crustacea, Calnoida) in the Weddell Sea. Polar Biology 13:333-346.
Burghart, S. E., T. L. Hopkins, G. A. Vargo, and J. J. Torres. 1999. Effects of a
rapidly receding ice edge on teh abundance, age structure and feeding of
three dominant calanoid copepods in the Weddell Sea, Antarctica. Polar
Biology 22:279-288.
Childress, J. J. and G. N. Somero. 1979. Depth-related Enzymic Activities in
Muscle, Brain and Heart of Deep-Living Pelagic Marine Teleosts. Marine
Biology 52:273-283.
Clark, L. C. 1956. Monitor and control of blood and tissue oxygen tensions.
Trans. Am. Soc. Art. Int. Orgs. 2:41-48.
Croxall, J. P. and S. Nicol. 2004. Management of Southern Ocean fisheries:
global forces and future sustainability. Antarctic Science 16:569-584.
Donnelly, J., H. Kawall, S. P. Geiger, and J. J. Torres. 2004. Metabolism of
Antarctic micronektonic crustacea across a summer ice-edge bloom:
respiration composition, and enzymatic activity. Deep-Sea Research II
51:2225-2245.
Donnelly, J., J. J. Torres, T. L. Hopkins, and T. M. Lancraft. 1990. Proximate
composition of Antarctic mesopleagic fishes. Marine Biology 106:13-23.
Drits, A. V., A. F. Pasternak, and K. N. Kosobokova. 1993. Feeding, metabolism
and body composition of the Antarctic copepod Calanus propinquus Brady
with special reference to its life cycle. Polar Biology 13:13-21.
Ducklow, H. W., K. Baker, D. G. Martinson, L. B. Quetin, R. M. Ross, R. C.
Smith, S. E. Stammerjohn, M. Vernet, and W. Fraser. 2007. Marine
pelagic ecosystems: the West Antarctic Peninsula. Philosophocal
Transactions of the Royal Society B 362:67-94.
Geiger, S. P., J. Donnelly, and J. J. Torres. 2000. Effect of the receding ice-edge
on the condition of mid-water fihes in the northwestern Weddell Sea:
results from biochemical assays with notes on diet. Marine Biology
137:1091-1104.

61

Geiger, S. P., H. G. Kawall, and J. J. Torres. 2001. The effect of the receding ice
edge on teh condition of copepods in the northwestern Weddell Sea:
results from biochemical assays. Hydrobiologia 453/454:79-90.
Hagen, W., E. S. Van Vleet, and G. Kattner. 1996. Seasonal lipid storage as
overwintering strategy of Antarctic krill. Marine Ecology Progress Series
134:85-89.
Hagen, W., G. Kattner, A. Terbruggen, and E. S. Van Vleet. 2001. Lipid
metabolism of the Antarctic krill Euphausia superba and its ecological
implications. Marine Biology 139:95-104.
Hopkins, T. L., T. M. Lancraft, J. J. Torres, and J. Donnelly. 1993. Community
structure and trophic ecology of zooplankton in the Scotia Sea marginal
ice zone in winter (1988). Deep-Sea Research II 40:81-105.
Ikeda, T. and P. Dixon. 1982. Body shrinkage as a possible over-wintering
mechanism of the Antarctic krill, Euphausia superba Dana. Journal of
Experimental Marine Biology and Ecology 62:143-151.
Ikeda, T., J. J. Torres, S. Hernandez-Leon, and S. P. Geiger. 2000. Metabolism.
Pages 455-532 in H. R.P., P. H. Wiebe, L. J., H. R. Skjoldal, and M.
Huntley, editors. ICES zooplankton methodolgy manual. Academic Press,
San Diego, CA.
Ju, S. and H. R. Harvey. 2004. Lipids as markers of nutritional condition and diet
in the Antarctic krill Euphausia superba and Euphausia crystallorophias
during austral winter. Deep-Sea Research II 51:2199-2214.
Kawall, H. G., J. J. Torres, and S. P. Geiger. 2001. Effects of the ice-edge bloom
and season on the metabolism of copepods in the Wedell Sea, Antarctica.
Hydrobiologia 453/454:67-77.
Klinck, J. M., E. E. Hofmann, R. C. Beardsley, B. Salihoglu, and S. Howard.
2004. Water-mass properties and circulation on the west Antarctic
Peninsul Continental Shelf in Austral Fall and Winter 2001. Deep-Sea
Research II 51:1925-1946.
Laws, R. M. 1985. The ecology of the Southern Ocean. American Scientist
73:26-40.
Lawson, G. L., P. H. Wiebe, C. J. Ashjian, and T. K. Stanton. 2008. Euphausiid
distribution along the Western Antarctic Peninsula-Part B: Distribution of
euphausiids aggregations and biomass, and associations with
environmental features. Deep-Sea Research II 55:432-454.

62

Marr, J. W. S. 1962. The natural history and geography of the antarctic krill
(Euphausia superba Dana). Discovery Reports 32:33-464.
Marrari, M., K. L. Daly, A. Timonin, and T. Semenova. 2011a. The zooplankton of
Marguerite Bay, Western Antarctic Peninsula - Part I: Abundance,
distribution, and population response to variability in environmental
conditions. Deep-Sea Research II 58:1599-1613.
Marrari, M., K. L. Daly, A. Timonin, and T. Semenova. 2011b. The zooplankton of
Marguerite Bay, western Antarctic Peninsula - Part II: Vertical distributions
and habitat partitioning. Deep-Sea Research II 58:1614-1629.
Marrari, M., C. Hu, and K. Daly. 2006. Validation of SeaWiFS chlorophyll a
concentrations in the Southern Ocean: A revisit. Remote Sensing of the
Environment 105:367-375.
Mauchline, J. and L. R. Fisher. 1969. The Biology of Euphausiids. Academic
Press 111 fifth avenue New York, New York 10003.
Mayzaud, P., E. Albessard, and J. Cuzin-Roudy. 1998. Changes in lipid
composition of the Antarctic krill Euphausia superba in the Indian sector of
the Antarctic Ocean: influence of geographical location, sexual maturity
stage and distribution among organs. Marine Ecology Progress Series
173:149-162.
Meyer, B., V. Fuentes, C. Guerra, K. Schmidt, C. Spahic, B. Cisewski, U. Freier,
A. Olariaga, and U. Bathmann. 2009b. Physiobolgy, growth and
development of larval krill Euphausia superba in autumn and winter in the
Lazarev Sea, Antarctica. Limnology and Oceanography 54:1595-1614.
Parker, M. L. 2012. Micronekton and Macrozooplankton of the Western Antarctic
Peninsula and the Eastern Ross Sea: Contrast Between Two Difference
Thermal Regions. University of South Florida.
Parker, M. L., J. Donnelly, and J. J. Torres. 2011. Invertebrate micronekton and
macrozoopleankton in the Marguerite Bay region of the Western Antarctic
Peninsula. Deep-Sea Research II 58:1580-1598.
Quetin, L. B. and R. M. Ross. 1991. Behavioral and Physiological Characteristics
of the Antarctic Krill, Euphausia supbera. American Zoologist 31:49-63.
Quetin, L. B., R. M. Ross, C. H. Fristen, and M. Vernet. 2007. Ecological
responses of Antarctic krill to environmental variability: can we predict the
future? Antarctic Science 19:253-266.

63

Schmidt, K., A. Atkinson, K. J. Petzke, M. Voss, and D. W. Pond. 2006.
Protozoans as a Food Source for Antarctic Krill, Euphausia superba:
Complementary Insights from Stomach Content, Fatty Acids, and Stable
Isotopes. Limnology and Oceanography 51:2409-2427.
Strand, S.W., W.M. Hamner. 1990. Schooling behavior of Antarctic krill
(Euphausia superba) in laboratory aquaria: reactions to chemical and
visual stimuli. Marine Biology 106:355-359.
Stubing, D., W. Hagen, and K. Schmidt. 2003. On the Use of Lipid Biomarkers in
Marine Food Web Analyses: An Experimental Case Study on the Antarctic
Krill, Euphausia superba. Limnology and Oceanpgraphy 48:1685-1700.
Teschke, M., S. Kawaguchi, and B. Meyer. 2007. Simulated light regimes affect
feeding and metabolism of Antarctic krill, Euphausia superba Limnology
and Oceanography 52:1046-1054.
Tobe, K., B. Meyer, and V. Fuentes. 2010. Detection of zooplankton items in the
stomach and gut content of larval krill, Euphausia superba, using a
molecular approach. Polar Biology 33:407-414.
Torres, J. J., J. Donnelly, T. L. Hopkins, T. M. Lancraft, and A. V. Aarset. 1994a.
Proximate Composition and Overwintering Strategies of Antarctic
Micronektonic Crustacea. Marine Ecology Progress Series 113:221-232.
Vernet, M., W. A. Kozlowski, L. R. Yarmey, A. T. Lowe, R. M. Ross, L. B. Quetin,
and C. H. Fritsen. 2012. Primary production throughout austral fall, during
a time of decreasing daylength in the western Antarctic Peninsula. Marine
Ecology Progress Series 452:45-61.
Vernet, M., D. Martinson, R. Iannuzzi, S. Stammerjohn, W. Kozlowski, K. Sines,
R. Smith, and I. Garibotti. 2008. Primary production within the sea-ice
zone west of the Antarctic Peninsula: I - Sea ice, summer mixed layer, and
irradiance. Deep-Sea Research II 55:2068-2085.
Wiebe, P. H., K. H. Burt, S. H. Boyd, and A. W. Morton. 1976. A multiple
opening/closing net and environmental sensing system for sampling
zooplankton. Journal of Marine Research 34:313-326.
Wiebe, P. H., A. W. Morton, A. M. Bradley, R. H. Backus, J. E. Cradock, V.
Barber, T. J. Cowles, and G. R. Flierl. 1985. New development in the
MOCNESS, an apparatus for sampling zooplankton and micronekton.
Marine Biology 87:313-323.
Zhou, M. and R. D. Dorland. 2004. Aggregation and vertical migration behavior of
Euphausia superba. Deep-Sea Research II 51:2119-2137.

64

CHAPTER THREE: Investigating habitat preference and latitudinal
gradients of primary and secondary consumers along the Western
Antarctic Peninsula using stable isotopes.
Introduction
The western Antarctic Peninsula (WAP) is the fastest warming region on
the planet, with an increase in midwinter temperature of 5o C over the last 50
years (Ducklow et al. 2007). The warming has led to changes in ice extent and
in the timing of sea ice advance and retreat (Stammerjohn et al. 2008, 2008a)
and is accompanied by species composition shifts (Moline et al. 2004, Ducklow
et al. 2007, Montes-Hugo et al. 2009, Murphy et al. 2012). Increased meltwater
can result in a shift from diatom-dominated blooms to blooms dominated by
cryptophytes, which, along with regional warming, may favor a shift from krill to
salp dominance, particularly in low ice years (Dierssen et al. 2002, Moline et al.
2004). Another key prey species for penguins and seals, the silverfish
Pleuragramma antarcticum shows signs of disappearing from areas along the
WAP (Ducklow et al. 2007, Parker 2012). Its decline may also be tied to
changes in sea ice (Vacchi et al. 2004). A more complete understanding of
trophic structure along the WAP and how the carbon and nitrogen isotopes of key
species vary naturally along the peninsula will give us better predictive ability for
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determining how the WAP will continue to react to the rapid regional warming
now taking place.
Euphausia superba, Electrona antarctica and Pleuragramma antarcticum
are all important prey items to whales, seals, seabirds, and other predators
(Moline et al. 2004). E. superba has been widely studied due to its prevalence
along the WAP, with many reports of its stable isotope composition (Table 3.1).
Those studies showed the vast range of E. superba’s stable isotope values,
however, each study was conducted within a limited sampling region, highlighting
the need for a comprehensive view of how their stable isotopes vary throughout
the WAP.
E. antarctica is the dominant myctophid in WAP shelf waters (Lancraft et
al. 2004, Donnelly and Torres 2008). It is a very important mesopelagic species
that performs vertical migrations from a daytime depth of 600 m to near-surface
waters at night to consume krill and other zooplankton, returning to depth at
dawn where digestion and egestion occurs. Myctophids are a food source for
many high level predators and may prove to be more important to the WAP food
web in the future in the event that E. superba and P. antarcticum stocks continue
to decline (Murphy et al. 2007, Shreeve et al. 2009).
Carbon and nitrogen stable isotopes have been used in many ecological
studies to learn more about diet, foraging location and trophic position.
Organisms become enriched in the heavier isotope of each element relative to
their food source because of the selective retention of the heavy isotope and
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excretion of the lighter isotope (Michener and Kaufman 2007). There is generally
an enrichment of 2‰-5‰ per trophic level in δ15N and 0.8‰ per trophic level in
δ13C in high latitude environments (Post 2002, Michener and Kaufman 2007).
Nitrogen isotope differences are frequently used to determine trophic level (Wada
et al. 1987, Cherel et al. 2010, Cherel et al. 2011). Carbon isotopes tend to differ
more between terrestrial and marine systems, inshore vs offshore, and pelagic vs
benthic food webs than they do between trophic levels within a system (France
1995, Hill et al. 2006, Cherel et al. 2011). Past studies have shown that an
inshore to offshore gradient exists in most coastal ecosystems, including the
Antarctic (Hodum and Hobson 2000, Quillfeldt et al. 2005, Cherel and Hobson
2007). Carbon isotopes are therefore more useful in determining foraging
location or preferred habitat.
Stable isotopes can be very useful in understanding trophic linkages.
However, many factors affect isotopic fractionation and these factors can vary
widely over short temporal and spatial scales. Nitrogen isotopes can vary due to
source nitrogen, upwelling and downwelling, enrichment through the trophic web,
metabolic differences, and individual condition (Adams and Sterner 2000).
Carbon becomes fixed by phytoplankton during photosynthesis and helps
to establish a baseline for the food web. During photosynthesis, cells
preferentially take up the lighter C12 isotope for carbon fixation. This causes the
δ13C of photosynthate to be lighter than that of the ambient CO2. The magnitude
of the photosynthetic fractionation varies depending on many different factors,
like light intensity, growth rate, aqueous CO2 concentration, and cell geometry
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i.e.: surface to volume ratio (Rau et al. 1989, Laws et al. 1997, Popp et al. 1998,
Rost et al. 2002). At high latitudes aqueous CO2 concentrations tend to be high,
due to the increased solubility of CO2 at colder temperatures, hence δ13C values
tend to be lower in high latitudes (Wada et al. 1987, Rau et al. 1989, Graham et
al. 2010)
No study of stable isotopes has been done along a latitudinal gradient on
the WAP to the scale of that reported in the present work. All others have either
focused on other regions of the Southern Ocean, e.g. across the polar front, in
the Weddell and Ross Seas (Cherel et al. 2011) or on much higher trophic levels
such as foraging seabirds, seals and whales (Quillfeldt et al. 2005, Cherel and
Hobson 2007, Cherel et al. 2010, Jaeger et al. 2010a). Along the WAP, studies
have been conducted looking at entire food webs in one sampling location like
the area surrounding Palmer station (Dunton 2001) or at gradients in isotopes
within a confined region such as Marguerite Bay. In the Antarctic there is a
strong latitudinal gradient in the carbon isotope ratio of particulate organic matter
(POM) (Rau et al. 1991, 1991a), and other studies have shown that the pCO2
changes with latitude in the southern Ocean (Longinelli et al. 2007). Other
factors that may create a δ13C gradient along the WAP are the changes in
irradiance with latitude and the resulting change in phytoplankton growth rate, as
well as physical factors including water column stratification, ice cover and
upwelling of old, nutrient rich water containing dissolved inorganic carbon (DIC)
depleted in 13C.
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The objectives of this study were to determine if there were latitudinal
trends in the stable isotopes of secondary consumers (E. superba) along the
Western Antarctic Peninsula and if so, to postulate a reason for why the gradient
exists. A second important goal was to resolve any isotopic differences in the
muscle tissue of important prey fishes that feed inshore vs. offshore.
Methods
Sample collection
All sampling took place aboard the research vessel ice breaker (RVIB)
Nathaniel B. Palmer during March and April of 2010. Samples were collected
from multiple sites along the WAP, numbered chronologically (Figure 3.1). The
cruise track began at site 1 (Palmer) and from there headed south to site 2
(Charcot). The cruise proceeded north along the WAP stopping at some sites
multiple times (e.g.: site 3 and 3b the Marguerite Bay (MB) coastal sites near
Adelaide island, and sites 1-Palmer and 6-Palmer Deep). See Table 3.2 for a list
of all sites, site names, and the dates each site was occupied. Samples were
collected with a 10 m2 MOCNESS carrying six nets with a mesh size of 3-mm
(Wiebe et al. 1976, Wiebe et al. 1985, Parker et al. 2011). Samples were sorted,
identified to species, and then frozen at -80° C for further analysis at our home
laboratory. E. superba was collected at all sites, E. antarctica was collected at
sites two and five, and P. antarcticum was collected at sites two, four, and eight.
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Isotopic analysis
Muscle tissue was used from all specimens. Tissue from E. superba was
taken from the abdominal muscle, being sure to exclude exoskeleton, and white
muscle tissue from E. antarctica and P. antarcticum was taken from the dorsal
region behind the head after scales were removed. Tissue was then desiccated
and ground to a fine powder before bulk 13C/12C and 15N/14N were measured on
three individual E. superba from each location and five individual fish from each
location. Each individual was run in duplicate using an elemental analyzer
connected to a Thermo-Finnigan Delta plus XL isotope ratio mass spectrometer
(IRMS). Mass spectrophotometer precision was ± 0.12‰ for δ15N and ± 0.08‰
for δ13C (average standard deviation of NIST 1577b bovine liver).
Statistical analysis
ANOVAs were used to deduce differences between species and site and
a linear regression was used to determine statistical significance of any latitudinal
trends. Cut-off for statistical significance was at a p value < 0.05.
Results
The study was conducted along the WAP starting at site 1 near Palmer
station (Anvers island) and immediately moving to site 2, our most southern site
located near Charcot Island (Figure 3.1). The cruise proceeded north along the
peninsula stopping at site 3 (MB coastal site near Adelaide Island), site 4 located
within the MB trough, site 5 at Renaud Island, site 6 (Palmer Deep), site 7 at
Croker Passage, and finally site 8 near Joinville Island.
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Euphausia superba
Results of the δ13C analysis showed that site 8, the northernmost site on
the peninsula in the Antarctic Sound near Joinville Island was significantly
different from all other sites except site 1 (p < 0.05 ANOVA, Figure 3.2), which is
located in the vicinity of Palmer Station. A linear regression of δ13C on latitude
showed a significant (r2 = 0.29, p = 0.00004) north-south gradient in δ13C along
the peninsula with δ13C values decreasing with increasing latitude (Figures 3.3
and 3.4). The δ15N values showed that site 8 (Joinville) and site 2 (Charcot), the
two coldest sites, grouped together with significantly higher values (5.5‰) than
sites 1,4, and 7 (3.4‰) (P< 0.05 ANOVA). Sites 3, 5 and 6 had intermediate
values of δ15N, which were not significantly different from either the high or low
sites (Table 3.3).
Electrona antarctica
The average δ13C value was -28.28‰ ±1.34 and the average δ15N value
was 9.19‰ ±1.35 (Table 3.3). There were no significant differences in either
δ13C or δ15N values between sites 2 and 5.
Pleuragramma antarcticum
The δ13C values showed that site 2 (Charcot) was significantly lower than
sites 3 (MB coastal) and 8 (Joinville). (Figure 3.5) No significant differences were
observed in δ15N values in P. antarcticum between the three sites sampled (2,3
and 8).
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Euphausia superba vs Pleuragramma antarcticum and Electrona antarctica
The δ15N values were significantly higher in both fish species when
compared to E. superba’s δ15N values. The δ13C values of the krill encompassed
the range represented by the fish. At the site where all three species were
caught the δ13C values of the krill were closer to the δ13C values of E. antarctica.
Electrona antarctica vs Pleuragramma antarcticum
The δ13C values were significantly different between fish species. E.
antarctica exhibited a more depleted δ13C value (-28.3‰). P. antarcticum not
only had a higher value (-25.5‰), but also a more variable value of δ13C at the
sites sampled along the WAP. (Figure 3.6) No significant differences were found
in the δ15N values of the two species.
Discussion
Euphausia superba
δ15N in E. superba showed two distinct groupings, those with values of
~5.5‰ (sites 2 and 8) and those with values of ~3.4‰ (sites 1, 4 and 7). This
δ15N variability could be due to differences in source nitrogen, differences in
metabolism, post-phytoplankton bloom dynamics or variable trophic level due to
feeding on other secondary consumers like copepods at sites 2 and 8. Rau et al.
(1991) commented that E. superba’s isotopic signature is slightly above other
primary consumers and yet is below the more predatory species, which led them
to believe it was an opportunistic omnivore. However, (Haberman et al. 2003,
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2003a) found that krill given a mixed phytoplankton assemblage selectively fed
on large diatoms, suggesting that they were selectively feeding within the
phytoplankton assemblage and may actively search out phytoplankton blooms.
Wada et al. (1987) found that values of adult E. superba were 3.1‰ in the
summer months, which was similar to the δ15N values found in this study at sites
1, 4, and 7. Since this cruise was conducted during the austral fall, chlorophyll
biomass was at a low level so these differences in δ15N could be due to
differences in local phytoplankton abundance.
Although E. superba is known to feed on small copepods (Atkinson et al.
2002, Schmidt et al. 2003), variability along the WAP may lead to a spatially
variable δ15N isotopic baseline. Variations in microhabitats and primary
production rates along the coast could lead to very different isotope signatures
(Montes-Hugo et al. 2009, Gillies et al. 2012). Increases in δ15N are seen in
areas of high productivity or in areas that have experienced a large
phytoplankton bloom, due to the preferential uptake and subsequent enrichment
within a bloom of δ15N (Montoya 2007). Sites 2 and 8 are in areas of noted high
productivity associated with warmer Circumpolar Deep Water (CDW) which is
upwelled at these sites bringing nutrient rich waters to the surface (Smith et al.
1999, Klinck et al. 2004, Dinniman et al. 2011) and creating conditions favorable
for diatom blooms (Prezelin et al. 2000). This could lead to higher average
values of δ15N in secondary consumers, like E. superba, in these regions.
In the present study, E. superba’s δ13C values showed a significant northsouth gradient along the WAP. The correlation between latitude and δ13C of the
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krill E. superba was R= -0.53 with a p-value of .001, making it a significant trend.
Other studies have found latitudinal trends in δ13C in various sectors of the
Southern Ocean in DIC, POM, penguins and other foraging seabirds (Goericke
and Fry 1994, Quillfeldt et al. 2005, Cherel and Hobson 2007, Jaegar et al.
2010b). Longinelli et al. (2007) noted a negative gradient with latitude in δ13C of
DIC measured at the surface on a transect from South Africa to Antarctica. The
gradient was attributed to the upwelling near Antarctica. Cherel and Hobson
(2007) found a similar latitudinal gradient in δ13C values of penguins with
numbers ranging from -19.5‰ at lower latitudes to -24.8‰ near Antarctica,
which they attribute to the POM trend with latitude discussed in Trull and Armand
(2001).
Rau et al. (1989) explained that low temperatures, combined with low light
intensity and high water [CO2 (aq)] values lead to the low δ13C content in
Southern Ocean phytoplankton. Another factor that may affect the isotopic
fractionation in the Southern Ocean, and along the WAP region especially, is the
upwelling of very old water which carries with it very depleted DIC (Archambeau
et al. 1998). This could be further exacerbated by seasonal ice cover which is
more pronounced in the south leading to further fractionation. Montes-Hugo et
al. (2009) showed that over the past few decades the changing climate along the
WAP has led to a shift in peaks of primary production with less occurring in the
northern region and more occurring in the south. The low krill δ13C values
reported in the present study could be partially caused by upwelled and therefore
depleted DIC being incorporated by the phytoplankton.
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Another contributing factor to the observed latitudinal gradient may be the
differences in light availability in the water column. As Montes-Hugo et al. (2009)
showed, during the growing season, there is more light available to
phytoplankton in the Southern region of the WAP due to a shallower mixed-layer
depth, whereas in the north the WAP has been experiencing a deepening of the
upper mixed layer. The increased light available to phytoplankton in the southern
portion of the WAP would lead to more fractionation (Vernet et al. 2008) and
therefore more depleted δ13C values at the base of the food web.
Phytoplankton abundance and distribution along the WAP depend on
nutrient dynamics, CDW upwelling, seasonal succession within the surface
waters, and stabilization by glacial melt water (Smith et al. 2008). The
circulation along the peninsula is very complex with multiple gyres, and localized
areas with differing rates of upwelling and downwelling. Savidge and Amft
(2009) showed that flow along the peninsula varied seasonally, especially in the
Marguerite Bay (MB). In addition, Wallace et al. (2008) showed that internal
tides in MB can cause localized upwelling. The local and seasonal variation in
the strength of upwelling, primary productivity, and the incorporation and
recycling of old DIC by the phytoplankton could well explain the variation found
within each site along the Peninsula.
Electrona antarctica and Pleuragramma antarcticum
No differences were observed in the δ15N values between P. antarcticum
and E. antarctica, however E. superba δ15N values were significantly lower than
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the those of both fish (Figure 3.2). This suggests that both of the fish species
feed at the same trophic level, and that they both are higher on the Antarctic food
web than the krill. This is corroborated by past diet studies showing that both E.
antarctica and P. antarcticum eat krill and other small crustaceans (Hopkins and
Torres 1989, Barrero-Oro 2002, Lancraft et al. 2004). One reason we may not
see the same pattern in δ15N of the fish sampled that we see in the krill is
because the sites where fish were sampled are the same sites where krill δ15N is
significantly higher (Figure 3.2). Rau et al. (1992) showed comparable δ13C and
δ15N values for E. antarctica in the Weddell Sea with δ15N values around 8.5‰
and δ13C values ranging from -31‰ to -29‰.
δ13C was significantly different between the two fish species, suggesting
that they primarily feed in two different habitats. E. antarctica has a δ13C
indicative of a less productive or oceanic habitat while P. antarcticum occupies a
more productive or coastal habitat and has higher δ13C values. P. antarcticum’s
δ13C signature is much more variable than that of E. antarctica between and
within each site. Gradients in primary production from inshore (high) to offshore
(low) have been noted along the WAP (Vernet et al. 2008) and this productivity
gradient might be translated to higher trophic levels. Another possible
explanation for this difference in variability is that E. antarctica occupies a more
oceanic and therefore a more constant environment, whereas P. antarcticum
occupies a neritic environment where micro-habitats can exist (e.g., differing
benthos, under ice communities) causing more variability in their δ13C signature
(Hodum and Hobson 2000, Dunton 2001, Gillies et al. 2012).
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Conclusions
There is a latitudinal gradient in δ13C isotopes of E. superba along the
WAP, which has previously been undocumented. The underlying process is
most likely a combination of phytoplankton growth rates (which depend directly
on light intensity due to latitude) and physically driven processes (ie: stratification
and depth of the upper mixed layer, APCC, varying ice cover and upwelling of old
DIC). Inshore-offshore gradients were found in the fish species Electrona
antarctica and Pleuragramma antarcticum. E. antarctica’s δ13C is more depleted
than that of P. antarcticum suggesting they occupy different habitats, further
validating the use of carbon isotopes to discover habitat differences in the
Antarctic environment.
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Tables
Table 3.1: Euphausia superba, Electrona antarctica and Pleuragramma
antarcticum δ13C and δ15N isotope signatures found in the literature
n

δ13C

δ15N

sample location

date sampled

citation

adults

6

-28.2

4.9

MB (Rothera)

Mar-00

Schmidt et al 2003

adults

20

-31.3

3.6

Lazarev Sea

Apr-99

Schmidt et al 2003

adult M

3

-22.7

5.3

South Georgia

Jan-96

Schmidt et al 2004

adult F gravid

3

-22.6

4

South Georgia

Jan-96

Schmidt et al 2004

adult F gravid

9

-28.3

2.9

S. Shetlands
Islands

Mar-00

Schmidt et al 2004

unspecified

10

-25

4

Prydz Bay

1993-1994

Hodum and Hobson
2000

unspecified

-29

2.3

Weddell Sea

Mar-86

Rau et al 1991

unspecified

-29.3

2.7

Austrailian Sector

Nov 1983-Feb
1984

Wada et al 1987

Adult

-29.8

3.6

Palmer station

1989

Dunton et al 2001

Adult

-27.2

S. Shetlands
Islands

Dec 1996-Jan
1997

Corbisier et al 2004

Species
E. superba

P. antarcticum

13

-23.9

10.7

Prydz Bay

1993-1994

Hodum and Hobson
2000

P. antarcticum

5

-24.7

10.6

Adelie lands

summers 20002003

Chereland Hobson 2007

P. antarcticum

40

-24.7

10.4

Adelie lands

2008

Cherel et al 2011

E. antarctica

1

-27.1

7.5

Austrailian sector

Nov 1983-Feb
1984

Wada et al 1987

E. antarctica

15

-24.5

9.4

Adelie lands

2008

Cherel et al 2011

-30

8.3

Weddell Sea

Mar-86

Rau et al 1991

E. antarctica

78

Table 3.2: 2010 WAP cruise site numbers, site names and dates occupied
site #

Site name

Dates occupied

1

Palmer

March 22-23

2

Charcot

March 27-31

3

MB near Adelaide island

April 4-6

4

MB trough

April 7-8

3b

MB near Adelaide island

5

Renaud

April 14-15

6

Palmer Deep

April 17-20

7

Croker Passage

April 23rd

8

Joinville

April 26th

April 8-11
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Table 3.3: δ13C and δ15N mean isotope signatures and standard error at each site in each species. Three individual E.
superba were sampled at each location and five individuals of each species of fish were sampled at each location.

Euphausia superba
15

Pleuragramma antarcticum

13

δ N

15

δ C

site name site # mean std error

13

δ N

mean std error mean

Electrona antarctica
15

δ N

δ C

std error

mean

std error mean std error

mean

std error

Palmer

1

3.46

0.21

-26.43

0.35

Charcot

2

5.50

0.14

-28.01

0.71

9.25

0.18

-26.76

0.19

MB coastal

3

4.71

0.20

-27.26

0.40

10.01

0.12

-25.21

0.26

MB trough

4

3.62

0.44

-29.04
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ample locations from WAP cruise in 2010 (figure from Parker
Figure 3.1: Sample
(2012))
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Figure 3.2: δ13C and δ15N isotope data for all species (error bars = std error).
error)
E. superba is represented by squares (n=3 at each site), P. antarcticum is
represented by circles (n=5 at each site) and E. antarctica is represented by
triangles (n=5 at each site)
site). The colors correspond to the
he site each sample is
from.
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Figure 3.3: Linear regression of latitude on δ13C values of Euphausia superba
from all sites along the WAP (r2=0.28, p=0.00004)
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Figure 3.4: Surfer plot of Euphausia superba δ13C values showing the spatial
relation to latitude and longitude along the WAP.
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Figure 3.5: ANOVA showing the variation in Pleuragramma antarcticum δ13C
values by site (n=5 at each site)
site).
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Figure 3.6: δ13C values in Electrona antarctica (n=10) and Pleuragramma
antarcticum (n=15) from all sites highlighting the difference between the two
species
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CHAPTER FOUR: Trophic structure in the Marginal Ice Zone in the Weddell
Sea Antarctica: using stable isotopes to discover differences between the
food webs under the ice, at the ice edge and in the open ocean
Introduction
The Antarctic pelagic system is one of extremes, swinging seasonally from
almost constant daylight and high primary productivity to short daylengths and
very low chlorophyll biomass. The large swing in food abundance and availability
has led Antarctic species to evolve special overwintering strategies that include
diapause, prey switching, lipid accumulation, and a reduced overall activity and
metabolism (Hopkins and Torres 1989, Quetin and Ross 1991, Drits et al. 1993,
Donnelly et al. 1994, Torres et al. 1994a, Hagen et al. 1996).
Marginal ice zones (MIZ) are relatively small areas that are responsible for
a large portion of the primary production in the Southern Ocean (Smith et al.
2001). The pack ice zone is characterized by low primary production, cold
temperatures, and low light levels (Burghart et al. 1999). Zooplankton may use
multi-year pack ice to evade predation and use the sea ice biota as a food source
when overwintering (Daly and Macaulay 1991). The ice edge is characterized by
high primary production, stratification due to meltwater, and higher light levels
(Burghart et al. 1999). For zooplankton the ice edge offers a much needed

93

supply of phytoplankton and other small prey that is essential for reproduction
and growth. For higher trophic levels the ice edge is the frontier between the
open ocean and the pack ice zones and may serve as a mixing environment,
with species from both under-ice and open-ocean systems.
Many studies have been conducted in the marginal ice zone of the
Weddell Sea demonstrating the drastic effect that the seasonal change in sea ice
cover can have on many species. For example, Geiger et al. (2000, 2001)
reported on the condition of mid-water fishes and zooplankton in each ice zone,
finding that most species studied showed a marked increase in condition from
the under-ice zone to the ice edge and open ocean. Kawall et al. (2001) found
that the metabolism of all copepods except the omnivores (e.g. Metridia gerlachi)
was significantly higher at the ice edge and open water zones. This
improvement in physiological condition follows the pulse of the spring ice edge
bloom, underscored by the distribution changes in biomass-dominant copepods
in the Weddell marginal ice zone (Burghart et al. 1999).
Carbon and nitrogen stable isotopes have been used in many ecological
studies to learn more about diet, foraging location and trophic position.
Organisms become enriched in the heavier isotope of each element relative to
their food source because of the selective retention of the heavy isotope and
excretion of the lighter isotope (Michener and Kaufman 2007). There is generally
an enrichment of approximately 2‰-5‰ per trophic level in δ15N and 0.8‰ per
trophic level in δ13C in high latitude environments (Post 2002, Michener and
Kaufman 2007). Nitrogen isotope differences are frequently used to determine
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trophic level due to the larger fractionation relative to carbon (Wada et al. 1987,
Cherel et al. 2010, 2011). Deeper dwelling species tend to have higher δ15N
values due to the lack of primary production at depth and the breakdown and
reuse of nitrogen from the surface waters (Cherel et al. 2011). Carbon isotopes
are more useful in determining basal food resources, foraging location or
preferred habitat.
Stable isotopes are useful in understanding trophic linkages. However,
many factors can affect the stable isotope signature such as cell turnover rate
(Frazer et al. 1997), diet (Adams and Sterner 2000), and selective isotope
distribution in different tissues or routing (Pecuerie et al. 2010). Specifically,
nitrogen isotopes can vary due to source nitrogen, upwelling and downwelling,
enrichment through the trophic web, metabolic differences, and individual
condition (Adams and Sterner 2000). Carbon isotopes can vary due to variation
in fractionation during photosynthesis (Rau et al. 1989, Laws et al. 1997, Popp et
al. 1998, Rost et al. 2002). At high latitudes aqueous CO2 tends to be high, due
to the increased solubility of CO2 at colder temperatures and the decreased
atmospheric exchange in ice covered waters, hence δ13C values tend to be lower
in high latitudes (Wada et al. 1987, Rau et al. 1989, Graham et al. 2010).
Perrin et al. (2012) demonstrated that the diapausing copepod Calanus
finmarchicus exhibited an increase of 13C over a period of four months due to the
increased utilization of lipids throughout the winter. C:N ratios also decreased
throughout the winter, reflecting the copepods’ diminishing lipid stores. Once
lipid stores were depleted, C. finmarchicus began utilizing its own body proteins,
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leading to an increase in δ15N values. Other studies have shown that a lipid rich
diet leads to increasing δ13C values (Deniro and Epstein 1977, Monson and
Hayes 1982, Post et al 2007). Starvation experiments show increases in δ15N,
decreases in C:N ratios and a variable response of δ13C (Hatch 2012).
The goals of the present study were twofold. The first was to determine if
diapausing animals in the pack ice zone had a recognizable stable isotope
signature and, if so, how that signature changed with each ice zone. The second
was to determine if the stable isotope signatures varied predictably both within a
species and throughout the food web sampled in each successive ice zone.
Methods
Sample collection
Samples were collected during a cruise onboard the RV Polar Duke during
November and December (Austral spring/summer) of 1993. The cruise plan
consisted of an initial transect along the ice edge zone (Figure 4.1). Following
this, the cruise track went north to ice-free, low chlorophyll water and conducted
a north to south transect from open water to within the pack ice. Within each ice
condition (open water, ice edge, within ice) stations were maintained for a period
of several days. Samples were collected with Tucker trawls (9m2 mouth area, a
mesh size of 4mm, and a cod end mesh of 500µm) and Plummet nets (mouth
area 1m2 and a mesh size of 162µm) (Burghart et al. 1999, Geiger et al. 2000).
Samples were sorted and identified to species and then frozen at -80°C for
further analysis.
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Isotopic analysis
For small specimens (e.g. copepods) multiple individuals were pooled
together for isotope analysis, but when possible individuals were analyzed
separately. The abdominal segment was used for krill and decapods; the
exoskeleton was removed prior to analysis. Scales were removed and white
muscle tissue from the dorsal region was used for all fish. Samples were
analyzed for bulk 13C/12C and 15N/14N, and atomic C:N. Each individual was run
in duplicate using an elemental analyzer connected to a Thermo-Finnigan Delta
plus XL isotope ratio mass spectrometer (IRMS). Mass spectrophotometer
precision was ±0.18 for δ15N and ± 0.23 for δ13C (average standard deviation of
NIST 1577b bovine liver).
Statistical analyses
The overall mean values were calculated, as well as the mean values for
each species in each ice zone. Differences in isotopic signature were examined
with ANOVAs within each species at each ice location and between species in
the same ice condition. K-means cluster analysis using complete linkage and
Euclidian distance was utilized to examine relatedness between species.
Duncan’s multiple range test enabled discrimination between homogenous
groups. All statistical analyses were conducted using Statistica (Statsoft Inc.) with
a significance level of p< 0.05.
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Results
When all species were combined, Ice, Edge, and Open sites were all
significantly different from one another in δ13C, but only Edge and Open sites
were significantly different in δ15N (ANOVA Figure 4.2a,b). Average C:N molar
values were the same under the ice and at the edge, but they were slightly higher
in open waters. While there were no significant differences in C:N ratios when all
species were combined, there were some significant species-specific differences
in C:N ratios between habitats.
Carbon
Within each species there were significant differences in the δ13C values
between habitats. In the copepods Calanoides acutus, Calanus propinquus, and
Metridia gerlachi captured under the ice, δ13C values were significantly more
depleted than those captured at the ice edge and in the open ocean. The
copepod Rhincalanus gigas exhibited δ13C values that were significantly
different in all three sub-regions, with ice being the most depleted and open
ocean the most enriched. The predatory copepod Paraeuchaeta antarctica
showed no significant difference between the ice and edge habitats. Within the
krill, Euphausia superba had significantly more depleted δ13C values under the
ice than in the other habitats while Thysanoessa macrura showed no significant
difference between ice and edge habitats. Among the fish species only
Bathylagus antarcticus and Notolepis coatsi showed a significant difference in
δ13C values across the marginal ice zone, with more depleted values under the
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ice than those at the ice edge and in open water respectively. Two other species
exhibited a significant difference in δ13C values between the three sub-regions of
the study area. The polychaete Tomopteris carpenteri and the hyperiid amphipod
Primno macropa both had under-ice δ13C values that were significantly more
depleted than those in open water. (Table 4.1)
Nitrogen
Four species had a significant difference in δ15N in the different regions of
the marginal ice zone. C. acutus had significantly higher δ15N values under the
ice than in the open ocean. Cyphocaris richardi (which was not collected under
the ice) had significantly higher δ15N values at the ice edge than in the open
ocean. Cyllopus lucasii had significantly lower δ15N values in the open ocean
than at the ice edge and under the ice. P. macropa had significantly higher δ15N
values under the ice than in the open ocean. (Table 4.1)
All species had a higher δ15N value under the ice and a lower δ15N value
in the open except for two (Table 4.1). Galiteuthis glacialis and P. antarctica
(neither of which were collected in open water) showed the opposite trend with
the lowest δ15N values under the ice and the highest in the ice edge waters. The
amphipod C. richardi, the squid G. glacialis, the copepod C. acutus, and the
euphausiid T. macrura all showed a strong linear correlation between ice zone
and δ15N value (R>0.6).

99

C:N ratios
R. gigas and Gymnoscopelus opisthopterus had ice edge C:N values that
were significantly higher than those under the ice. T. carpenteri and C. richardi
showed the opposite trend with values under the ice significantly higher than
those at the ice edge. C:N values in P. macropa were significantly higher in the
open ocean while under ice and ice edge values were similar (Table 4.1).
Food Chain Length
Food chain length (FCL) was calculated using the following equation:
FCL = (δ15Ntop predator - δ15N baseline )/ 3.4 + x
where x is the trophic level of the baseline indicator (Cabana and Rasmussen
1996). We used the krill E. superba (which is known to feed continuously under
the ice) as our representative primary consumer and designated it a trophic value
of 2.5 due to the fact that it is known to feed on things other than phytoplankton
when phytoplankton is not abundant (Rau et al. 1991, Hopkins et al. 1993) (Table
4.2). We chose 3.4 as our fractionation factor since past studies in the region
found fractionations of 3.3 and 3.5 (Wada et al 1987, Rau et al 1991). The top
predator was Cyclothone microdon at the ice edge (δ15N = 10.65) and in the
open ocean (δ15N = 10.16). However since C. microdon was not collected under
the ice, B. antarcticus was used as the top predator for the under-ice regime
(δ15N = 10.99). The food web sampled under the ice had the shortest food chain
length (4.15) while the food web sampled at the ice edge had the longest (4.40).
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Cluster analysis
Ice: Cluster analysis based on δ15N and δ13C values revealed differences
in community trophic structure between the different ice conditions, further
corroborating the FCL calculations. Under the ice there were three main
branches at 60% similarity (Figure 4.3), one that included all the copepods, one
that included only the piscine predators (B. antarcticus and E. antarctica) and the
last group included the remaining species. Within the copepod branch the two
diapausing copepods were most similar at a 20% similarity and the carnivorous
P. antarctica was linked to the omnivorous C. propinquus and M. gerlachi, all of
which remain active during the winter under the ice.
Edge: At the ice edge there were four main groupings at 53% similarity
(Figure 4.4). With the exception of P. antarctica, all the copepods and E.
superba grouped together at 50% similarity. Again the two diapausing copepods
(R. gigas and C. acutus) grouped together at ~23% similarity while E. superba
was most similar to M. gerlachi. The highest level predators in this study (C.
microdon and B. antarcticus) were ~45% similar to Gennadas kempi and T.
macrura. The next level of predators included P. antarctica who was ~38%
similar to G. opisthopterus and E. antarctica. The rest of the species grouped
together at ~30% similarity.
Open: In the open ocean there were three groups at the ~50% similarity
level (Figure 4.5). C. acutus formed its own branch and was most similar to the
branch containing the other primary and secondary consumers. The high level
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predators formed their own branch. Within the other branch there were two
groups, one group (~24% similar) contained secondary consumers like N. coatsi,
C. richardi, T. carpenteri, and Pasiphaea scotiae. The other group (~35%
similar) contained primary consumers like E. superba and C. propinquus, and
secondary consumers like P. macropa, C. richardi and R. gigas.
Discussion
Carbon
The differences in δ13C values seen between the different regions of the
MIZ habitats could be due to many different factors including low light intensity
under the ice, slow growth, starvation and high aqueous CO2 concentrations
([CO2aq]). Since low light intensity under the ice would tend to decrease
fractionation, that is most likely not a relevant factor (Rau et al. 1996, 1997, Rost
et al. 2002). However both slow growth, and high [CO2aq] would tend to
increase fractionation under the ice (Rau et al. 1996, 1997, Rost et al. 2002).
During this cruise, under the ice chlorophyll a concentrations were reported to be
15-17mg chl/m2, 113mg chl/m2 at the ice edge and 69mg chl/m2 in the open
ocean (Burghart et al. 1999). This shows that low levels of primary production
due to the onset of the spring bloom were already occurring under the ice. The
chlorophyll a concentrations would be much lower during the winter than those
reported under the ice during this cruise.
The primary production under the ice was occurring at a much reduced
rate (which would tend to increase fractionation) due to the lower light levels

102

(which would tend to decrease fractionation) (Rau et al. 1996, 1997, Rost et al.
2002). The water under the ice is not in direct contact with the atmosphere,
reducing exchange of CO2. Primary production (which would normally draw
down the [CO2aq]) was at a minimum due to the low light levels and biological
respiration was occurring which would increase [CO2aq]. Therefore [CO2aq]
would be continually increasing under the ice until the spring thaw. High [CO2aq]
further increases the δ13C fractionation under the ice. Another factor that may
influence the δ13C values is animal condition. Starvation has been shown to
have a more pronounced effect on the C:N ratios and the δ15N values (Haubert et
al 2005, Doi et al 2007, Hatch 2012) but in some studies has been shown to
decrease δ13C (Haubert et al 2005, Williams et al 2007). Teasing apart which
factor is more important to carbon fractionation under the ice is very difficult in
controlled studies and nearly impossible in field studies. However, it appears
that the combination of starvation and the effect of ice cover on carbon
fractionation are the most prevalent factors.
A similar suite of species was analyzed during the austral summer in the
Scotia sea by Stowasser et al. (2012). Stowasser et al (2012) sampled between
the Sygny Island (one of the south Orkney islands) and South Georgia, which is
further north and to the west of the cruise track in the present study. In
comparison to the most southern site that Stowasser et al (2012) sampled the
copepods C. acutus, C. propinquus, P. antarctica, R. gigas, the myctophids E.
antarctica, G. braurei and the squid G. glacialis all had more depleted isotopic
values in this study and the copepod M. gerlachi, and the krill E. superba, and T.
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macrura exhibited similar isotopic ranges. The difference in δ13C values of most
of the species in common to both studies is most likely due ice cover effects and
the more pelagic nature of the samples in the current study. Growth, light
intensity and aqueous CO2 concentrations all play a part in the fractionation of
carbon under the ice, however the very depleted δ13C values indicate that slow
growth and high aqueous CO2 concentrations due to ice cover increased the
fractionation under the ice in the present study.
Nitrogen
Shifts in δ15N values were observed in a few species between habitats.
Most of the variation in δ15N values could be related to prey switching or
starvation under the ice.

Specifically, Calanoides acutus, the diapausing

copepod has a significantly higher δ15N value under the ice than in the open
ocean due to catabolizing its own body protein and thus recycling resources
under the ice (Atkinson 1991, Hauber et al 1995).
Other species that showed a difference in nitrogen values between sites
were Cyphocaris richardi, Cyllopus lucasii and Primno macropa. C. richardi, a
predatory gammarid amphipod, had significantly higher δ15N values at the ice
edge than in the open ocean. This is most likely due to the higher prey
encounter rate at the ice edge. In the predatory hyperiids P. macropa and C.
lucasii the ice values were significantly higher than open values, due to their diet
(mainly gelatinous organisms with low δ15N values). The trend toward lower δ15N
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values in the open ocean, where gelatinous organisms are more prevalent, is not
surprising. No other species showed a shift in trophic level.
C:N ratios
There was a slight difference in C:N ratios overall, with values under the
ice and at the edge being slightly higher than in the open water stations.
However, the differences were not significant due to the variation between
species. The slight difference was suggestive of higher lipid usage under the ice
and at the ice edge than in the open ocean. Without question, the most
interesting trends were the differences found within species between different
sub-regions of the marginal ice zone.
Rhincalanus gigas’ C:N ratios suggested that the ice edge samples had
more lipid stores than the under ice samples. This is logical considering that the
study took place in the late spring and the under ice samples would be
experiencing the very end of ‘winter’ conditions. R. gigas would have likely
utilized most of their overwintering lipid stores, whereas those at the ice edge
would be encountering better feeding conditions at the ice edge bloom enabling
them to increase their lipid stores. The lanternfish Gymnoscopelus opisthopterus
demonstrated a similar trend suggesting that the ice edge is a preferable habitat.
The polychaete Tomopteris carpenteri had the highest C:N ratios under the ice
and the lowest at the ice edge, indicating that it had more lipid and was possibly
encountering better feeding conditions under the ice than at the ice edge. C.
lucasii also had the highest C:N ratios under the ice. Its lowest values were in
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the open ocean where its preferred prey, salps, were more prevalent. When
salps are not available under the ice, which would include much of the winter, the
amphipod may feed on other prey that is higher in lipids than its preferred
gelatinous diet. P. macropa, another amphipod that specializes in consuming
salps, had the highest C:N values in the open ocean indicating that the open
ocean habitat is better suited to both it and its prey.
The variable C:N ratios indicate the varying suitability of each habitat to
each species. Some carnivores are apparently well adapted to the under-ice
regime and therefore thrive under the ice. In contrast, herbivores such as
Euphausia superba and C. acutus have very low C:N ratios indicating that they
have run out of their lipid stores and are in a poor condition in all ice conditions
compared to the rest of the species studied. The low C:N ratios indicates that
these species were undergoing starvation which is not surprising given that the
two herbivorous species had only just begun to feed and recover from the harsh
winter.
Cluster Analysis
Ice: The cluster analysis shows that under the ice all of the copepods had
very similar isotope signatures. Both diapausing species (C. acutus and R.
gigas) had similar isotopic signatures due to their similar overwintering strategies.
Even Paraeuchaeta antarctica shared a similar isotopic signature with the
copepods it preys on under the ice. This could be due to the high δ15N values
and very depleted δ13C values in the diapausing copepod species whose isotopic
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signatures still reflect their overwintering. E. superba does not group with any
other species but is closer to the higher level consumers under the ice than it is
to the copepods. E. superba’s position is mainly driven by its enriched δ13C
values relative to the copepods. The values could be due to grazing on ice
algae, which has a notoriously enriched δ13C value (Rau et al 1991b, Hobson et
al 1993, Gibson et al 1999). The comparatively more enriched δ13C values could
also be due to the fact that the krill continually molt and feed throughout the
winter, although their molt rate slows considerably (Mauchline and Fisher 1969).
Hence the krill will be continuously incorporating new material, thus affecting their
δ13C signature. Bathylagus antarcticus and Electrona antarctica group together
and both fishes have a similar diet under the ice according to Geiger et al. (2000)
who conducted a gut content analysis of species collected during this cruise. E.
antarctica and B. antarcticus fed mainly on copepods, krill and amphipods
(Geiger et al. 2000).
Edge: At the ice edge all of the copepods, except P. antarctica, grouped
with E. superba and again, the diapausing copepods were most similar to each
other. There were two clusters with higher level consumers, one included
Cyclothone microdon, B. antarcticus, Thysanoessa macrura and Gennadas
kempi and the other included E. antarctica, G. opisthopterus and P. antarctica.
P. antarctica is raptorial, mainly feeding on copepods and has a slightly lower
δ15N value than either E. antarctica or G. opisthopterus suggesting that the fishes
feed on similar prey to P. antarctica but might also potentially be feeding on P.
antarctica. Similarly, T. macrura, and G. kempi have similar δ13C values to C.
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microdon and B. antarcticus but the fish have much higher δ15N values than the
crustaceans, indicating a higher trophic level.
Open: The cluster analysis grouped all of the fishes together in the higher
trophic level group except for Notolepis coatsi, which were juveniles and
therefore may have been gape limited compared to the other fish included in this
study. C. acutus was on a branch by itself, which is most likely because it is the
only strict herbivore included in the study and therefore had both a very low δ15N
value and a depleted (comparatively) δ13C value. Many of the other copepods
fed on a mixture of phytoplankton and metazoans (Burghart et al. 1999) resulting
in higher δ15N values and more enriched δ13C values due to trophic enrichment.
P. macropa, C. lucasii and R. gigas grouped together mostly due to their similar
δ13C values. R. gigas had a lower δ15N value than the amphipods due to R.
gigas’ preferred diet of phytoplankton and metazoans. The amphipods primarily
consume salps and other gelatinous species in the open ocean. E. superba and
Calanus propinquus both primarily consume phytoplankton and group together
due to the similar δ13C values.
Isotope-Metabolism comparison
One strategy some species employ to survive the Antarctic winter is
diapause; reducing their metabolism and living off of stored resources. These
stored resources would be continually fractionated within the animal until the
spring thaw when phytoplankton is once again prevalent. Feeding and
incorporation of new material would then resume (e.g. C. acutus and R. gigas).
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During this cruise, diatoms were present in the guts of both C. acutus and R.
gigas caught under the ice (Burghart et al. 1999). The presence of diatoms in
the gut content analysis of these species suggests that they had already ended
diapause and had begun feeding at a low level. Due to the higher δ15N values of
C. acutus sampled under the ice, the phytoplankton diet had not had enough
time to become incorporated into the tissues. The depleted δ13C isotope
signature from samples under the ice is not what one would expect from a
diapausing animal that survives the winter on lipid stores alone (DeNiro and
Epstein 1977, Monson and Hayes 1982, Gannes et al 1997, Perrin et al 2012).
The higher δ15N values and the depleted δ13C values indicate that these animals
must have depleted their lipid stores and are now subsisting on catabolization of
their bodies own tissues.
Similar to the isotope data, which indicated an improvement in overall
condition from under the ice to the open ocean, Geiger et al. (2001) found that
protein and lipid increased in most of the copepods studied, indicating recovery
from starvation. Kawall et al. (2001) reported that C. acutus, R. gigas, C.
propinquus, and P. antarctica respiration values increased from under the ice to
the open waters which is indicative of an increased overall metabolism and
improving condition (Torres et al. 1994b). E. superba undergo a decrease in
respiration and due to the lack of phytoplankton, undergo starvation to an extent
in the winter (Torres et al. 1994a). The increase of the C:N ratio of E. superba
from the under ice to the open zone indicates some amelioration of condition.
Geiger et al. (2000) showed that condition in the fish E. antarctica improved from
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under the ice to open water and that B. antarcticus’s lipid content decreased from
ice to open ocean which might result from their spawning under the ice prior to
this cruise. E. antarctica’s C:N ratios in the present study also increased from
the under ice zone to the open ocean unlike B. antarcticus, which was one of the
few species with a higher C:N ratio under the ice.
Conclusions
Isotopic signatures varied between the ice regimes with the most
prevalent difference being in the δ13C values. This is most likely due to the
reduced atmospheric exchange of CO2, upwelled water with depleted δ13C
values and the continuous biological respiration under the ice all of which
culminate in very depleted δ13C values. Slow to no growth and starvation also
served to further deplete the δ13C values of the species under the ice. These
starvation effects are especially prevalent in the diapausing species.
C. acutus and R. gigas the diapausing copepods have a similar isotopic
signature with very depleted δ13C values and higher δ15N values under the ice.
The low C:N ratios were also indicative of an animal that had spent all of its lipid
reserves and was experiencing starvation conditions. The increase of R. gigas’
C:N ratio follows the pulse of primary production with the highest values found at
the ice edge and the lowest values under the ice. The high δ15N ratio in both
species combined with their low C:N ratios under the ice indicates that protein
catabolization has occurred to some degree under the ice. This is similar to the
findings of Perrin et al. (2012) in diapausing copepod Calanus finmarchicus.
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Cluster analysis revealed trophic shifts between the different ice zones.
The ice edge zone proved to contain the most species and was the best habitat
for most species (determined by C:N ratios, FCL and previous studies). This is
most likely due to the large melt water bloom that followed the ice edge and
provided a large pulse of food to the entire food web.
This is the first study to look at the entire Antarctic pelagic food web in all
ice zones at the beginning of the productive period showing the isotopic transition
from winter (ice covered) to summer (open ocean) during one cruise. It also
highlights the dynamics and importance of the ice edge bloom to many species.
The trophic shifts each species make in the differing ice conditions mimic the
seasonal changes they undergo every year.
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Tables
Table 4.1: Stable isotope and C:N averages for each species in each ice zone.
Three individuals were used for each species in each ice zone.
Species

Type of
organism

d13C

d15N

C:N

ice

edge

open

ice

edge

open

ice

edge

open

Calanus acutus
Calanus propinquus
Metridia gerlachi
Rhincalanus gigas
Paraeuchaeta
antarctica

copepod
copepod
copepod
copepod

-32.68
-29.30
-28.60
-32.41

-28.05
-26.30
-25.03
-27.89

-27.55
-24.42
-25.66

4.48
4.97
5.38
5.80

3.08
4.53
5.09
4.90

2.24
3.89
4.99

8.95
5.35
5.00
6.13

7.43
5.35
4.77
7.66

8.66
4.98
6.91

copepod

-23.80

6.37
5.36

7.29
4.16

4.12

8.42

-

Euphausiid

-29.11
-25.08

7.89

Euphausia superba
Thysanoessa.
macrura
Gennadas kempi
Cyphocaris richardi
Cyllopus lucasii
Primno macropa
Pasiphaea scotiae

-30.92
-26.58

3.78

4.12

3.93

Euphausiid
shrimp
amphipod
amphipod
amphipod
shrimp

-28.17
-26.75
-28.83
-

-25.09
-23.89
-27.14
-26.19
-27.22
-26.35

-24.98
-26.01
-26.26
-24.85

7.84
8.68
7.75
-

7.30
8.49
8.97
8.47
6.82
6.80

6.08
6.01
5.55
6.63

3.86

4.23

-

4.61
5.46

3.92
6.19
3.25
5.74
3.69

8.20
1.97
9.13
3.83

G. opisthopterus
Gymnoscopelus
braueri
Electrona antarctica
Bathylagus antarcticus
Cyclothone microdon
Notolepis coatsi

myctophid

-28.07

-29.82

-28.17

9.00

9.40

9.42

7.20

6.45

myctophid
myctophid
myctophid
myctophid
paralepididae

-30.34
-28.42
-28.18

-27.47
-29.12
-26.30
-26.34
-26.51

-27.55
-28.56
-26.79
-25.03
-24.90

10.80
10.99
8.13

8.70
10.26
10.30
10.65
9.06

8.46
9.07
9.51
10.16
8.05

7.33

7.11

6.24
4.13
5.68
4.05

6.89
4.61
5.72
3.97

Tomopteris carpenteri

polycheate

-27.90

-26.94

-25.16

7.01

7.80

3.72

4.51

squid

-28.21

-28.00

-

7.84

8.60

7.00
-

5.18

Galiteuthis glacialis

3.43

3.90

-

5.62
6.77
4.70
4.04
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Table 4.2: Food Chain Length
Food Chain
Length

ice

edge

open

using E. superba

4.16

4.41

4.28

Food Chain Length calculations were made by using:
FCL= (δ15Ntop predator – δ15N baseline )/ 3.4 + x
Where x is the trophic level of the baseline indicator. E. superba was used as
the baseline indicator and a trophic level of 2.5 was assigned.
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Figures

Figure 4.1:
1: RV Polar Duke cruise track during November and December (Austral
spring/summer) of 1993. The cruise plan consisted of an initial transect along
the ice edge zone (sites 1
1-10).. Following this, the cruise track went north to ice
free, low chlorophyll water (site 11) and conducted a north to south transect from
open water to within the pack ice (sites 11-38).. Within each ice condition (open
water (60-67),, ice edge (42-57), within ice (38-41))) stations were maintained
maintain for a
period of several days. Figure from (Burghart et al. 1999, Geiger et al. 2000)
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Figure 4.2a:
2a: Carbon isotope variation between ice zones when all species
values are combined. All ice zones are significantly different.
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Figure 4.2b:
2b: Nitrogen isotope variation between ice zones when all species
spec
values are combined.. Ice edge zone is significantly higher than the open water
zone.
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Figure 4.3: K-means
means cl
cluster
uster diagram representing the trophic relatedness under
the ice of each species. Copepods all group together (underlined by green).
green)
Bathylagus and Electrona also group together (underlined by red)
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Figure 4.4:: Cluster diagram representing the trophic relatedness at the ice edge
of each species. Copepods (except P. antarctica) group with E. superba
(underlined in green).. P. antarctica groups with higher trophic level fishes
(underlined in orange). The other grouping also includes a mix of higher trophic
level fishes and crustaceans (underlined in red).
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Figure 4.5:
5: Cluster diagram representing the trophic relatedness of each species
in the open ocean. Higher trophic levels underlined in red, primary consumer C.
acutus identified by the green arrow and mid level consumers underlined in
orange.
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CHAPTER FIVE
Conclusions
There is an overall decrease in metabolism from summer to winter in E.
superba of all stages and sizes. The decrease in metabolism occurs during the
austral fall as seen during the 2010 cruise in the difference between Palmer (site
1) and Charcot (site 2). There is a gradual decline in respiration combined with a
gradual decrease in metabolic enzymes throughout the fall. This is the first
study to report the latitudinal and seasonal component of the decline in
metabolism. This gradual decline with latitude could indicate a light-dependent
mechanism for decreasing metabolism in this species. Teschke et al. (2007)
showed that light levels affect metabolism more than food abundance and
availability in krill. Other authors have speculated about a light dependent cause
for the metabolic shift. For example, Quetin et al. (2007) observed that a small
shift in latitude during the austral fall decreases irradiance substantially. The
metabolic data from the present study show that the winter drop in metabolism
comes sooner to the most southern regions of the WAP further validating the
theory that metabolism in krill decreases in part due to light cues. Due to the
logistics involved in an Antarctic cruise sample size was limited. More research
needs to be conducted to pinpoint the light level at which the metabolism begins
to decline.
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There is a latitudinal gradient in E. superba’s δ13C isotope along the WAP,
which has previously been undocumented. The underlying process is most likely
a combination of phytoplankton growth rates (which depend directly on light
intensity due to latitude) and physically driven processes (ie: stratification and
depth of the upper mixed layer, APCC, and upwelling of old DIC). Inshoreoffshore gradients were found in the fish species Electrona antarctica and
Pleuragramma antarcticum. E. antarctica’s δ13C is more depleted than that of P.
antarcticum suggesting they occupy different habitats, further validating the use
of carbon isotopes to discover habitat differences in the Antarctic environment.
Due to the logistics involved in Antarctica cruises sample sizes were limited and
fish were not caught at all locations where krill were sampled. Further samples
may show that this latitudinal gradient is evident throughout the food web. In
addition phytoplankton and water samples might help constrain where this
variation in δ13C values is coming from by showing the more instantaneous δ13C
values of primary producers.
C. acutus and R. gigas appear to have a diapausing isotopic signature
with very depleted δ13C under the ice that increased once feeding on
phytoplankton occurred in earnest. The low C:N ratios were also indicative of an
animal that had spent all of its lipid reserves. The increase of R. gigas’ C:N ratio
followed the pulse of primary production with the highest values found at the ice
edge and the lowest values under the ice. The high δ15N ratio in both species
combined with their low C:N ratios under the ice indicates that protein catabolism
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has occurred to some degree under the ice. This is similar to the findings of
Perrin et al. (2012) in diapausing copepod Calanus finmarchicus.
Isotopic signatures varied between the ice regimes with the most
prevalent difference being in the δ13C values. The ice edge zone proved to
contain the most species and was the best habitat for most species (determined
by C:N ratios and previous studies). This is most likely due to the large melt
water bloom that followed the ice edge and provided a large pulse of food to the
entire food web.
This is the first study to look at the entire Antarctic pelagic food web in all
ice zones at the beginning of the productive period showing the isotopic transition
from winter to summer during one cruise. It also highlights the dynamics and
importance of the ice edge bloom to many species. The trophic shifts each
species make in the differing ice conditions mimic the seasonal changes they
undergo every year.
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